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1 Autoencoder Enabled Global Optimization

Abstract

High-dimensional optimization problems with expensive and non-convex cost
functions pose a significant challenge, as the non-convexity limits the viability
of local optimization, where the results are sensitive to initial guesses and often
only represent local minima. But as the number of expensive cost function eval-
uations required for a full exploration of the search space grows exponentially
with the increasing number of dimensions, the use of standard global optimiza-
tion algorithms is also not practical. To overcome this obstacle and to lower
the dimensionality of the problem, the use of an autoencoder for model order
reduction is proposed. In the resulting lower dimensional space, standard global
optimization methods can then be utilized, as fewer cost functions evaluations
are necessary. For problems with comparatively more expensive cost functions,
this optimization includes the employment of a surrogate model, which reduces
the necessary number of these computationally expensive evaluations further.
This proposed method is then tested firstly on a number of benchmark func-
tions, where it shows the ability to find global optima under certain conditions.
Secondly, the proposed method is used to solve a compliance minimization
problem, where it shows the ability to improve upon a large number of designs
generated by local optimization.

1.1 Introduction

Ever since Newton trying to minimize the resistance of a radial symmetric body in a fluid flow [1],
countless optimization problems have occupied the minds of scholars and researchers. Today, as humanity
has to reconcile the desire of an increasing population for improved living conditions with a finite amount
of resources [2], the importance of optimization only grows, because it enables greater efficiency in the
use of materials and energy [3, 4, 5, 6]. Thanks to an increase in computational power over the years
[7], ever more complex problems in numerous field such as engineering, medicine or economics have
become solvable [8, 9, 10]. But high-dimensional problem with a non-convex cost function, where the
global optimum to be found is one of many local optima, still pose a challenge. This is caused by
the so called “curse of dimensionality”, where the number of cost function evaluations required for a
thorough investigation of the search domain can increase exponentially with the number of dimensions
[11, 12]. This becomes even more troublesome for more expensive problems, since more computationally
intensive cost functions reduce the feasible number of cost function evaluations, and therefore limit the
size and consequently dimensionality of the space that can be explored. Consequently, for many such
expensive and high-dimensional problems, like they are for example encountered in the field of topology
optimization, gradient based local optimization algorithms are used [13, 14, 15]. Yet unless the initial



guess was extraordinarily lucky, such methods will get caught in local minima, even in comparatively
well-behaved problems like compliance minimization [16, 17, 18].

When trying to overcome the limitations of local optimization and improve upon its results, one
can usually turn towards two types of global optimization algorithms, namely surrogate model-based
Bayesian optimization and global random search [19]. Bayesian optimization is designed for problems
with expensive cost function evaluations, but struggles with a high dimensionality, with even recent works
only considering problems with a maximum of a few hundred variables [20, 21]. The main reason for
this is the construction of the surrogate model, which requires the repeated inversion of a large (size is a
multiple of the number of dimensions), dense and often ill-conditioned (near singular) matrix [19], which
is not only time intensive, but can also lead to memory issues [22]. On the other hand, global random
search algorithms can be used for higher dimensional problems, but are reliant on a relatively cheap cost
function, due to the higher number of required cost function evaluations. The most common type here is
population-based search like differential evolution [23] and particle swarm optimization [24].

Many researchers have tried to construct better algorithms for high-dimensional problems, but they are
all limited due to the so-called “no free lunch theorem”, according to which every optimization algorithm
will perform the same, when averaged over all possible optimization problems [25, 26]. Consequently,
a certain algorithm can only be more efficient than others on a certain set of cost functions. In some
cases, this is acknowledged, and for example only cost functions with non-deceptive gradients, meaning
that following the slope of the cost function can lead to the global optimum, are considered [27]. In
other cases, this is ignored, and the algorithm is improved by tuning some hyperparameters of already
existing algorithms [8; 28]. But as the efficiency is usually only tested on benchmark functions unrelated
to real-world problems, the utility of such algorithms for instance in regard to real engineering problems
can be expected to be limited [27, 19].

In this work, the assumption is made that the domain of the cost function, in which most or all local
minima and therefore most of the better cost function values lie, has a intrinsically lower dimensionality
then the original problem. Based on this, model order reduction can then be used to limit the search space
to this domain. For this purpose, autoencoders - a form of neural network - are chosen, as they outperform
common methods like proper orthogonal decomposition, especially if the searched domain, which in the
context of autoencoders is also called latent space, has nonlinear features [29, 30, 31, 32, 33, 34]. Global
optimization only over the latent space with a comparatively low dimensionality then becomes possible. As
global optimization over such a low-dimensional space is covered extensively in the literature, be it global
random search for cheaper cost functions [35, 36, 37, 38] or Bayesian optimization for more expensive cost
functions [39, 40], the main focus of this work will be on the use of the autoencoder.

To the best of the authors’ knowledge, the concept of using autoencoders to allow for global optimiza-
tion in latent space has been first proposed by Costa in 2008 [41], although it is applied to a relatively
low-dimensional problem (120 dimensions, constrained wind-hydro coordination problem) with a reduc-
tion in dimensionality by only a factor of 2. Similar work has also been pursued also by Miranda et al.
[42]. A larger reduction in dimensionality can be found in the work of Gao et al. [43, 44], where the
dimensionality of the problem of fitting a geology model to data could be reduced from 38400 dimensions
down to 140. Further additions have been made by Eismann et al. [45], where the autoencoder is ex-
tended with a neural network surrogate model mapping the 20-dimensional latent space representation to
its original cost function value, to enforce distance between good and bad designs in the reduced space.
This method leads to improved designs for a 9408-dimensional drag minimization problem, with similar
benefits in the data structure in latent space being suggested by Wang et al. [46]. Jiang et al. [47] found
that a higher fitness of the training samples used to train the autoencoder can improve the fitness of
designs generated from decoding the latent space, showing the value of using local optimization on the
training samples before fitting autoencoder. Additionally, the fitness of these designs can be improved
further by using post-processing techniques, by using local optimization on the decoded samples in the
high-dimensional search space. Another idea has been suggested by Kudyshev et al. [48], proposing the
use of an adversarial autoencoder to enforce a certain distribution of designs in the reduced space, when
trying to optimize phonetic metamaterials. Autoencoders with the purpose of reducing the search space
have been employed in other works as well, for example in the design of electromagnetic circuits [49, 50],
optical microstructures [51] or mechanical structures such as springs [52] or wheels [53] and even the
design of molecules in chemistry [54].

While all these works include autoencoders to reduce the dimensionality of optimization problems,
they only consider their use in the environment of the specific problem contemplated. Consequently,



there is a lack of justification, besides the results of the optimization, for the employment of this method,
and it is therefore unclear for what kind of other optimization problems this approach could be used.
To address this, the authors propose a generalized method for autoencoder enabled global optimization
(see section 1.2), and through the optimization of constructed benchmark functions, the conditions for a
successful application are explored (see section 1.3). Furthermore, the method will be used to optimize a
real-world compliance minimization problem, which this approach to the best of the authors’ knowledge
has previously not been used for (see section 1.4). The autoencoder setup and encoding method, a signed
distance field, are also novel for this application (see appendix 1.2).

1.2 Methods

Solvable with GRS
Solvable with BO

nmax 1

Dimensionality n of the cost function
MOR

Tc,max

Evaluation time T, of the cost function

Figure 1: Visualization of different optimization problems, which can possibly be solved either with
global random search (GRS) or Bayesian optimization (BO). Model order reduction (MOR) reduces the
dimensionality of the problem and can make optimization of previously unsolvable problems possible. It
has to be noted that this figure is not to scale, and that its shape may vary depending on the problems’
parameters.

There are two main factors that determine if, and possibly how, an optimization problem

Tmin = argmin c(x), X C R" (1)
zeX

can be solved with generalized methods in a limited amount of time. These are the dimensionality n of
the problem and the time T, it takes to evaluate one instance of the cost function ¢(x), with both values
having upper limits (nmax and T, max respectively, see Figure 1). For example, if T, is larger than the
allowed time, no optimization is possible. And even for T, = 0, the time it takes for even the simplest
global random search algorithm to come up with new sample points limits the number of cost function
evaluations and therefore the dimensionality of the space that can be explored sufficiently.

It is rather unlikely that one could reduce T, without changing the behavior of the cost function as
well as its optimum and consequently the final result of the optimization. Therefore, the only possibility
to optimize previously unsolvable problems would be to only explore parts of the search space X, as
this requires fewer cost function evaluations. In this work, the authors then assume that most, if not
all, of the local minima and also the global optimum of the cost functions ¢(x) to be optimized lie on
a m-dimensional manifold X’ C R™ inside the search space (for further discussion see Appendix B).



Consequently, one would then only need to optimize over this reduced domain X’ C X, and as m < n,
this would be possible in a feasible amount of time. To optimize such problems, the following four step
method (see Figure 2 for a symbolic representation) is then proposed, where model order reduction, using
an autoencoder, is employed to approximate the domain X’ based on some training samples.

1. A training set for the autoencoder is generated, which should be representative of the manifold X".
This is done by randomly sampling N points @; € R™ in the design domain X. The cost c(x;)
of these samples are then improved by using local optimization to advance them in the direction
of their corresponding local minima of ¢. Here, X denotes the set of samples after the A-th step
of local optimization (LO is the corresponding operator, which can stand for any arbitrary local
optimization algorithm):

X\ =LO (X 1) = LO*(Xo) (2)
The value of A should be large enough so that the resulting training samples X, best possibly
represent the reduced space X', with the use of local optimization being the only reliable way to
find samples x € X’ (see Appendix C for an example in compliance minimization). But one should
also aim to not make A too big, as this would lead to unnecessarily long computation times.
To generate these samples, one could use methods like Adam [55] (see Appendix A.1) or alternatively
the SIMP method [56] in the case of topology optimization problems like compliance minimization
(see Appendix A.2). While both these methods are gradient based and therefore require a differen-
tiable cost function c¢(x) € C!, this is not necessarily a requirement, as the use of zeroth order local
optimization like the Nelder-Mead algorithm [57] is also possible. To avoid the problem of multiple
different starting points resulting in similar designs after local optimization, sampling techniques
like deflation [58] can be used. In this method, new samples are guided away from already explored
samples by modifying the cost function.

2. In a second step, the samples in X (or a specific subset of X)) are used to train an autoencoder
network (see Appendix A.6). While there are multiple different methods that can be used here
(autoencoder, variational autoencoder (VAE) [59], generative adversarial network (GAN) [60], ad-
versarial autoencoder (AAE)[61], autoencoder with surrogate model network [45]), this step will
always produce a decoder network D, which allows the transformation of a latent space represen-
tations z; € Z C R™ into the design space X. But the decoded samples D(z;) € R™ will only
fill a m-dimensional manifold Xz - also referred to as decoded latent space in this work - of the
n-dimensional design space (D : Z — Xz C X). For example, if n = 2 and m = 1, Xz will be a
continuous and possibly curved line in the two-dimensional design space X (see Appendix D). The
goal of this step is to approximate X’ with X as best as possible, so that hopefully the global
optimum is included in X .

3. A global optimization approach is used to optimize the design in latent space by minimizing the
cost function ¢, (z), where p > 0 might be used to account for cases where the global optimum does
not lie in Xz itself, but still close to it:

cu(z) = c(@u (2)), 2 (2) = LO" (D(2)) (3)

Depending on the time T, necessary to evaluate this cost function, one can apply global random
search methods like differential evolution [23] (see Appendix A.3) for cheaper cost functions or
Bayesian optimization (see Appendix A.4) for more expensive ones. If the time required for both
methods is similar, it is often better to choose global random search methods, as they generally tend
to produce superior results (see Appendix K.3).

Here it should be mentioned that for p > 0, the cost function itself might become discontinuous, so
gradient based methods are likely not feasible at this step.

4. A local optimum z* in latent space does not necessarily correspond to a local optimum in the design
space:
Oc (@, (7))
0z

_ Oc(x)
. Oz

0z, (2)
0z
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=0 #

z=z*

=0 (4)
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Consequently, the design can be improved by advancing the design &, (2*) further towards the final
design x* by v steps. This post-processing step will result in the final design:

2" = LO" (&, (")) (5)



If different forms of local optimization are used for global optimization and post-processing, the
following alternative is also possible:

z* = LOY (D (2")) (6)

2

z gl

(c) (d)

Figure 2: A symbolic representation of the four steps of the proposed method for a case of n = 2 and
m = 1. In the first step (2a), a training set Xoqg is created by 200 iterations of gradient based local
optimization, starting from random samples Xy. An autoencoder is trained on this training set, leading
to the decoded latent space Xz (the magenta line in 2b and 2d). Over this manifold, global optimization
is performed to find zyin (2¢), from which on the global minimum @,;, is found using post processing
(2d). In the subfigures 2a, 2b, and 2d, the gray value are being used to represent the cost function c¢(x),
with lighter colors representing higher values.

1.3 Benchmark functions and proof of concept

The proposed method is tested on a number of different optimization problems, with the first cost
function ¢; being specifically designed so that it fulfills the assumption made about cost functions on
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Figure 3: The results of optimizing the functions c;, co, c3 and c¢4. The continuous lines describe the first
step, where A steps of local optimization are used on 10000 random initial points. The dashed line shows
the minimum during the optimization over latent space, while the dotted line shows the best compliance
during post-processing. It has to be noted that the number of function evaluations n., is a discrete
number, but due to the high number of available data points, and to better distinguish between different
steps of the process with different types of lines, continuous lines have been used.

which the proposed method is based (see Appendix B).

2
c1(z) = min ||z — =;]|* + (1 — exp (—10 l|lx — $C1||2)) (5 +exp (—10 l|lx — a:12)> (7)
Here, X = {1, ..., ®a500} are 2500 points arrayed on a M = 10 dimensional subdomain in the n = 1000
dimensional design space X; = [—1,1]™ (the exact creation of X can be seen in equation (67) and the

precise optimization process used in Appendix F). Three more problems are benchmark functions taken



from the work of Abualigah et al. [62]:
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All of these three functions are optimized over an n = 100 dimensional domain, with Xo = X, =
[—500,500]™ and X5 = [—50, 50]™. The exact implementation of the optimization process can be seen in
Appendix G. All four functions in the section have a global minimum of ¢; = 0.

In Figure 3 it can be seen that the global optimum of functions ¢y and c3 can be found no matter the
latent space dimensionality m. Meanwhile, the global optimum of ¢; can only be found for m = 10, and
the global optimum of ¢4 cannot be found at all.

The results for ¢; are as expected, as the function was specifically designed so it could be optimized
by the proposed method if Xz could approximate X’. This was indeed possible for M = m = 10, but
impossible for M > m = 5. Furthermore, the results of ¢4 also are according to expectations, as the cost
function has local minima distributed more or less regularly throughout the whole domain X,4. Therefore,
the dimensionality of X’ would also be n, and consequently, the proposed method failed. In contrast
to that stand the results for ¢, and c3, where the local optima are also evenly spread over X, and X3
respectively. But the main difference here is that the global optimum of these function is precisely in the
middle of the cluster of local minima, and when encoding an evenly spread higher dimensional manifold,
autoencoders tend to include the mean of such clusters (see Appendix E). But as cost functions with such
peculiar behavior seem unlikely to occur outside of constructed benchmark problems, this possibility for
successful optimization can likely be discarded for real world problems. A more detailed discussion and
additional results can be found in Appendices F and G.

1.4 Compliance minimization

After testing the proposed method on some constructed benchmark functions, it lastly is applied
towards a real-world problem. This will be a topology optimization problem, the minimization of the
compliance C' of a Messerschmitt-Bolkow-Blohm (MBB) beam with enforced void elements (see Figure
4a):

min  C(z) = (u(x), F)
z€[0,1]"y X"
(9)

x . po =04
€], ;=0 V{i,j} eV

Here, K € R?™w"=X2ny jg the stiffness matrix resulting from the material density , and F is the force
vector which contains the force F' from Figure 4a, while u is the displacement field and V is the set of
void elements, whose purpose is to increase the non-convexity of the problem. This would allow for a
better assessment of the proposed method in comparison to the standard gradient-based approach that is
normally pursued for such problems.

The proposed method is promising for this problem, as it is likely that large parts of this search
space are unusable, as intermediate density values ([z], ; & {0,1}) are punished (see Appendix A.2).
Furthermore, even sparse designs can be undesirable if they include disconnected parts. Consequently,
it can be expected that X’, the manifold including the global optimum and other stiff designs, is likely
far lower dimensional than the original design space. Furthermore, this domain X’ will also be highly
nonlinear, as most feasible designs will be close to or on the boundary of the search space, which justifies
the use of autoencoders for model order reduction employed in the proposed method.
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Figure 4: Boundary condition for a MBB beam, and different solutions of this problem. The white
elements in 4a are void elements, where the lowest possible stiffness is assumed.

This problem will be solved on a n, x n, = 45 x 90 grid, with a model order reduction to m = 100
dimensions. There will be two solutions, with one using a global random search algorithm, namely
differential evolution (Appendix A.3) for the optimization over latent space, while the second one will
use Bayesian optimization (Appendix A.4). An exact implementation of the proposed method for this
compliance minimization problem can be found in Appendix I.

It can be seen in Figure 4 that the designs produced by the proposed method (4d and 4e) have a
lower compliance C' than both the solution stemming from a homogeneous input using standard SIMP
(4b), as well as the sample with the lowest compliance from the training set for the autoencoder (4c),
with differential evolution being able to produce the better result than Bayesian optimization. But as the
design space is too large to be explored fully using brute force methods (there are around 1.44 x 10319



sparse solutions for this problem), it cannot be determined if the found solutions are even close to the
global optimum.

Table 1: The number of finite element evaluations n.,,,, and the time ¢ needed for each step of the
proposed method. The first step was parallelized on 50 processor cores, while the second and third step
used 100 cores each.

Step Training data | Training AE | Optimization DE | Optimization BO | Post-processing
Neppum 1.55 - 108 0 5.25 - 10° 4.55 - 10% 3.10-102

t (in s) 4.61-103 1.26 - 103 5.66 - 103 5.23-104 1.00 - 102

Besides the compliance, a point that has to be considered as well is the computational time and cost.
The whole proposed method took at least over three hours to compute with access to 100 processor cores
for parallelization. Meanwhile, generating the solution using the standard method with homogeneous
input only took five and a half minutes on a single core. As can be seen in Table 1, using differential
evolution is faster than Bayesian optimization for the current problem. This is mainly caused by the
fact that building the model is expensive compared to evaluating the cost function, on which only 1000s
are actually spent (7. = 3.5s per evaluation, the My = 1000 initial evaluations are parallelized on 100
processor cores). But as the computational cost for building the model is not dependent on the cost
function expense, it can be extrapolated that for a cost function evaluation time of T,y ~ 42s, Bayesian
optimization will become faster (up to a factor of kr ~ 5). Additionally, if parallelization is not possible,
this will tilt more favourably towards Bayesian optimization (see Appendix J). On the other hand, these
potential time savings come at the potential cost of a reduced reliability in finding the best design possible,
as could be seen in this example, where both methods were used to optimize the same cost function, but
Bayesian optimization was unable to find a result as good as the one achieved by differential evolution, a
global random search method.

But while Bayesian optimization can be used to significantly speed up the optimization over latent
space in the case of expensive cost functions, the time needed for the generation of the training data
and the training of the neural network are still significant (see Table 1). Two different cases have to be
considered here:

o If the cost function is expensive, than the time needed for training the neural network can be
neglected. But then the creation of the training set becomes the most expensive part of the proposed
method, as in contrary to the optimization over latent space, surrogate models cannot be used, as
they would need to span the higher dimensional design space instead of latent space. A possible
solution here might be to use the same training set for different problems, but at least according to
Appendix K.4, this approach does not look promising.

o If the cost function is cheap, than the training of the neural network becomes the main consumer
of computational power. While the number of calculations to train the neural network cannot be
changed, one could use superior hardware like GPUs and TPUs [63] to potentially speed up this
step of the proposed method.

1.5 Conclusion

Overall, the proposed method can in certain cases find the global optimum or at least superior results
compared to other methods for solving optimization problems. However, this comes at a high cost,
especially when compared to the simple, gradient based approaches often used for expensive problems
like topology optimization. Therefore, its potential usage is most promising for problems where either a
wealth of possible problem solutions already exists, rendering the first step of the process unnecessary, or
where the cost function is highly non-convex. In such cases, the idea of using an educated guess like the
homogeneous distribution as a starting point for gradient based local optimization would likely not lead
to a satisfactory result.

Furthermore, it has to be noted that this method relies on the cost function matching the assumptions
made. If not, the result produced might be even worse than the training samples used. Consequently, this
method cannot be used for every optimization problem, and careful deliberation is necessary to justify its
application.



While the proposed method seems promising, there are still points which might deserve further re-
search. Finding a faster method of generating good training samples would improve the viability of this
method for more expensive cost functions. Looking closer at the influence of post-processing, and its
potential ability to make previously inferior designs in latent space superior in the end could also lead
to a better understanding of the method. Additionally, the introduction of methods which allow the
estimation of the best size of the latent space before building and training the autoencoder could lead
to greater efficiency. And finally, retraining the autoencoder on a set including the optimized results, to
then possibly find better results in a second round of optimization could also be explored.
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2 Reflection

2.1 Timeline

I started this master thesis in September 2020. At this time, I did not create a fixed timetable, out-
lining the planned step of my thesis, as the actual topic of the thesis was not set in stone yet (see below).
Consequently, there is no comparison I can make to my planning, and I will leave this point at a brief
overview of how I spent my time during the past months (see also Figure 5).

e The first three months of the project where spent mainly on reviewing the literature and preparing
for the literature survey. But simultaneously, I also spend time on properly implementing the SIMP
algorithm and learning how to work with neural networks.

o After that, I spent December and January mainly on familiarizing myself with working on the high
performance computing cluster, and rewriting all my existing code so that it took advantage of the
existing computational power. A more detailed reflection on this part can be found in section 2.3.

e The next two months were mainly spent on improving the autoencoders in regard to their ability
to encode the types of designs commonly produced as solutions for compliance minimization. This
for example includes testing the viability of encoding signed distance fields instead of density fields.
I also started writing my report during this time.

e Thereafter, the next two months where spent on implementing the benchmark problems and most
of the compliance minimization problems, which can be found in Appendices F, G, and K.

e In June, due to unsatisfactory results from the compliance minimization, I had to repeat some
simulations with an updated cost function, leading to the results shown in section 1.4. Furthermore,
most parts of the report were written during this month.

literature review |
learning the HPC cluster =—3-—-1
preparing simulations I ) i
running simulations E—
reporting | I

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Figure 5: A rough estimation of the time spent on different aspects of my master thesis.

2.2 Change of research question over time

Over the whole project, there was a more or less continuous shift in the goal of the thesis. In the
beginning, the specific topic was very open, mainly focusing on the possibility of using autoencoder simply
for model order reduction in modelling. But it showed early that research in this direction was already
plentiful, with very few possibilities to expand upon this research except finding new models to apply it
towards.

Consequently, a shift happened in the research, where I started to focus instead more on topology op-
timization, the non-convexity of such optimization problems, and the hope that autoencoders might be
used to overcome this issue. Based on this, the four main steps of the proposed method were proposed,
although this was mainly focused on the application of compliance minimization. Consequently, as an
example, most of the simulations in the early part of the thesis work were focused on optimizing the
autoencoder simply in regard to minimizing the reconstruction error.

But during the last months of the thesis, the scope of the thesis widened again, now looking at the
possibility of using the proposed method more generally for optimization problems. Nonetheless, true
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to previous intentions, topology optimization still remained the main application the thesis work consid-
ered. Specifically, compliance minimization was selected as the example case due two mainly two reasons.
Firstly, the author already had previous experience with implementing this kind of problem, requiring
less time to implement the code and speeding up the required calculations for the local optimizer (in this
case SIMP was used). Secondly, the cost function for compliance minimization was very cheap compared
to other topology optimization problems, as its main cost was the solution of a simple, linear FEM prob-
lem. The cheap cost function allowed for faster simulations, and therefore enabled more simulations and
consequently the exploration of more variations of the proposed method.

But as was mentioned in the previous sections, the focus on simple compliance minimization problems
also lead to unsatisfactory results, problems which were only overcome in the last stretches of the thesis
work.

2.3 Implementing parallel processing on the cluster

Fairly early in the thesis work, I realized that my own computer would not have the computational
capacities to do the number of simulations and tests I wanted to do. Consequently, I started to look at
the possibility of using a high-performance computing cluster, access to which I was thankfully granted
by the TU Delft.

Nonetheless, I faced major hurdles in taking advantage of this possibility. Here, the first hurdle was to
learn to run programs on the cluster, which I could thankfully overcome with the help of some tutorials
provided by the university. This also included my ability to install a newer version of python locally on
the cluster without root access, as the version of python installed was too old to allow the use of tensorflow
and keras, which I needed for implementing neural networks.

Next, I had to rewrite my code in such a way that it itself could take advantage of the multitude of
processor cores available. Here, I had to work mainly on my own, as the method provided by the tutorials
did no longer work as intended. Here, I must admit that I lost a week of my time unsuccessfully trying
to use various tools which promised a minimal required change in coding. Unfortunately, these methods
did not work, and I had to fall back onto using the mpidpy python library, which I had initially discarded
as it required vast changes to the code I had already written.

A disadvantage of using mpidpy was that the easy training of neural network using the compile() and fit()
functions from the keras library was no longer possible. Instead, each batch of training data had to be
manually split up among the available core, which then calculated the gradients for each sample in regard
to the trainable parameters of the network. All these gradients were then collected on a single core, where
the network was updated. All updated parameters than had to be manually shared between cores so they
could be updated on the other cores as well. Figuring out the best implementation with the least amount
of overhead again took weeks.

Another problem regarding the cluster was my inability to access the powerful GPU available on the
cluster. This was mainly due to the fact that there was no tutorial provided to enable this, and after
failing to write a program which even recognized the GPU on the cluster, I gave up. In hindsight, this
might have been a mistake, as accessing the GPU would likely have allowed me to significantly speed up
my simulations (for examples in cases like optimizing ¢; from section 1.3, over 90% of the time is spent
on training the neural network, due to the low evaluation time of the cost function).

The final problem regarding parallel programming were the problems I faced when debugging my code
written for parallelization. The main problem here is that many errors which occurred during the execution
of a program did not lead to its termination. This led to the situation that such errors (which might survive
debugging on a smaller scale on my own computer) were not recognized until the computation time of
the program grew far larger the previous estimations predicted. An example would be a capitalization
mistake in a command designed to let different cores catch up with each other which led to the program
waiting forever. As this did not result in an error message, I was only able to find the error after a week
of debugging.

2.4 Personal Improvement

When looking back at the time spent on this master thesis, there are two different kinds of improve-
ments I could recognize. The first one is obviously the increase in knowledge of different method and ways
to implement them. At the forefront to mention here is certainly the topic of neural networks overall and
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autoencoders specifically. This includes both recognizing how they are built, and how they work. For
example, recognizing that neural networks (as long as one ignores more specific topics like recurrent neu-
ral networks) are basically a chain of parameterized functions, the training of which is basically just the
solving of regression problem, took away much of the difficulties I had in comprehending them. Dealing
with neural networks also gave me the ability to implement them using tools like tensorflow and keras.
Another point where I learned a lot is the field of parallel programming, especially when dealing with a
distributed memory. For example, I learned how to achieve parallelization, while simultaneously minimiz-
ing the overhead required. Furthermore, I would say that my skill of using python in general improved
as well, especially programming effectively, for example by eliminating as many for loops as possible,
something I did not do as efficiently before starting my thesis. A further skill that could be mentioned
here is me learning to produce high quality figures in latex using the tikzpicture and pfgplots libraries.
The second main improvement would in my opinion relate to my ability to manage a large research project.
The first point to mention here would be my ability to do a literature review, where I in my opinion greatly
improved when compared for example to the work I did during my bachelor thesis. Secondly, my ability
to plan ahead, and building towards a final result also improved compared to my bachelor project.

But when looking back at the whole project, there are a lot of improvements the I should have made
with hindsight. The main one is surely that I, despite recognizing pretty early that simple compliance
minimization might be too well-behaved for it to be a good test for the proposed method, pressed on
nonetheless. Instead, taking my time to find an equally cheap to evaluate, but far more non-convex topol-
ogy optimization problem instead, would have prevent me from having to repeat simulations at the end
of my thesis work. This mistake is especially egregious, as testing a cost function on non-convexity would
have only required a simple test of random-local optimization. Another point, where I took not the best
approach possible, is for example the failed use of the GPU on the cluster. Here, instead of just giving up,
asking other people for their experience might have been advantageous, so I made sure I had exhausted
every possible approach before abandoning this approach.
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A Computational Methods

A.1 Adam

Adam [55] is a local optimization method using gradient descent with momentum. Hereby, the updated
variables 6;,1 are generated based on the previous ones 6; and the gradient of the cost function g; =
Vec(0;). Adam additionally uses a number of vectors to memorize previous results, avoiding a very erratic
search pattern [55], with ® being the Hadamard product:

m; = imi_1 + (1 — B1)g:
v; = P21+ (1 — B2)9; © g;

=
(2 1 _ Bl
o (10)
v; = - 55
0541, = [6:], (“ (i),
[0 + )

The learning rate o and the decay rates 3; and 3y are used to tune the process. The ¢ = 1076 is there to
prevent divisions by zero.

A.2 SIMP

The solid isoparametric material with penalization method (SIMP) is a method used for gradient based
topology optimization, first proposed by Bendsge in the late 1980s [64, 65]. In this work, it is used to
solve compliance minimization problems:

min C(x) =u(x)'F
x€[0,1]my X e
K(x)u(x)=F (11)

Here, K is the stiffness matrix resulting from the mesh, and F' is the force vector, while w is the resulting
displacement field.

SIMP can now be used to advance from an initial material distribution xg to a final distribution xy.
Here, each element of the density field x; has to be larger than zero ([z;], ; € [0.0001,1]). To get from z;
to @41, the following iterative step has to be taken:

e The stiffness matrix K; = K(x;) has to be constructed. Here, for each element one assumes a
Poisson’s ration v;; = 19 = 0.3 and a Young’s modulus of [E;], ,, with the penalization of p = 3

and E() =1.
1 9999 p
By = Bo (1 99 (1) 12
[Bily = o (10000 *+ Toooo Pk ) (12)
One can then find the displacement u; with K;u; = F'. This allows the calculation of the compliance
Ci = ’U,ZTF

o The sensitivity Sc; has to be calculated:

aC;
a[xi}k,l

9999 -1 . OK;
10000 0P (lodr)” o O],

[SC,i]kJ - -

For details on the assembly of K; and the derivative 9K;/0 [E;]; ; see Andreassen et al. [66].
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o If only the sensitivity is used to update the design, then SIMP often leads to a checkerboard pattern.
As such a design is not manufacturable, one of the following methods can be used to update the
sensitivity to G;:

— On can use a filter on the designs, which is characterized by the filter radius ry;, > 1. The
implementation can be seen in Andreassen et al. [66].

— By setting 7min € (0, 1], the filter will have no effect. In this case, one can add the sensitivity
of the Ginzburg-Landau energy term to S¢; to avoid the checkerboarding (see Papadopoulos

et al. [58]):
Gil,., =[Sc. ; p i
[ z]k,l = C,z]k,l [xz}k,l +=(1-2 [xZ]k,l
¢ (14)
+ Be (4 (@il = [@ilpyrs = [@ilp_1g — [@ilg 0 — [xi]k,lq)
Here, the parameters 5 = 0.05 and € are used to tune the process.
¢ Lastly, one has to advance. For this, one calculates D;:
[Di]k,l = [Gi]k,l [xi]k,l (15)
One than start an iterative process, with l; o = 0 and [, ; = 1000000:
[ 2[Dily,
[Tit1],, =max ¢ min ¢ —— [z;],, +0.25,1 ¢, [z;], , — 0.25,0.0001
’ ll’j + lu7j ’ ’
) . _ 16
L 71""721” ZTi+1 < po (16)

{llaj+1’ l“ijrl} = L+l =
ol Tit1 > Po

This will be done while the following condition is fulfilled, after which one has the next step x;11:

hug I g 0001 (17)
luj +1;

Due to the penalization p > 1, using intermediate values for the density is disadvantageous, and the
final outcome will be likely sparse. This is a possible method to allow for manufacturable designs to be
produced.

A.3 Differential Evolution

Differential evolution [23] is a population based method which works over multiple generations, with
each population Py at generation g € {0,...,G} consisting out of ~ individuals:

Py ={pig,-- .Prg}, P1gEZ (18)

Py will be randomly generated, but afterwards, the following generation will be created with three steps,
which are performed on every individual p; 4.

1. Firstly, a child p; , will be created for the parent p; ,:

Pig = Pag + F'(Pb,g — Peyg) (19)

Here, a,b,c € {1,...,v} are randomly chosen variables, while F' is a hyperparameter that has to
be chosen at the beginning of the process. While Storn and Price [23] suggest that i, a, b, and ¢
should be all different from each other, this was not actively enforced in this work to achieve faster
computation time, as even with the smallest v used in this work (v = 100), the probability of this
condition being fulfilled seems high enough to not negatively influence the process overall:

y—=1yv—=2v-3
v v

Pla#b#c#1i) = >0.941 vV~ > 100 (20)
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It has to be noted that p; ; ¢ Z is possible. Therefore, in every dimensions j of p; 4, a clipping
function is used to enforce the boundaries of z, under the assumption that Z is a hyperrectangle:

Zmin,j [ﬁi,g]j < Zmin,j
Bogl; = Pigly  Zming < [Bral, < 2macs (21)

Zmax,j “max,j < [pi,g]j

2. After the child p; 4 of the parent p; ; has been build, a binary crossover between them will be done,
the result being p; ;. Here, for each element, a random number x;, 4 ~ U(0, 1) will be needed. One
than gets the crossover in the following way, where xq is another hyperparameter:

~ Dig);  Xjig < Xo
[Pig); = RO (22)
P iy Xaie = X0

3. Lastly, one has to select the individual to survive to the next generation:

Pig Cu(Pig) > cu(pi,
pi,g+1 — - g 12 (N g) #( 9) (23)
Pig cu(Pig) < cu(Piyg)

Overall, four parameters can be used to tune the whole process, namely the population size -y, the number
of generations G, the factor F' and the probability xo. The whole process than can be defined as:

Pg = DE, ¢ ,F,x,(Po) (24)

In some cases, the process can include the selection of the best member of Pg as the final output. It has
also to be noted that there are more advanced version of differential evolution [67], which are not used in
this work.

A.4 Bayesian Optimization

Bayes optimization [68] is a method for global optimization, used mainly in the case of very expensive
cost functions ¢, as it requires less evaluations of this cost function c. It is a process with multiple iterations
i €{0,...,ipo}, where each iteration consists out of three steps.

e In a first step, a response surface model will be built, based upon M; sampled points z; ; € Z;
in latent space (Z; = {2z14,...,2nm,,:}). For each of these points, the cost function ¢ will be
evaluated, forming the vector ¢;. Based upon Z;, one then has to determine the correlation matrix
Ry, € RM:ixXMi yith:

[Ro.p.il,,, = exp (- > 00|zl — [zl,i]o|”°> , Yo: 0,€[0.1,5], p, € [0.6,5.5] (25)
o=1

Here, 0, p € R are parameters that can be tuned to fit the model to the data. Now one can find
07, pf, with:
07, p; = argmax N (c¢;| 116,00, Ro.p.i05 ;)

6.p
—1
1o i = VR, ci
21 TR, 1 (26)
(ci — 1M9,p7i)T Re;,;,i (¢i —1p6,p.:)
06,p,i = M;

where N is the multivariate normal distribution and 1 € R™:*! is a vector with every element being
1. This can be simplified using a logarithmic transformation [69]:

07, pf = ar%min (MZ In (037p7i) +1In (‘R97p,i|)) (27)
P
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Here, p; = Heox . p*.is Ti = 0g* p*is and R; = Rg;,p;f’i is then defined.

As this optimization problem (equation (27)) has to be solved for every iteration step, there are two
methods used. The first one employs differential evolution D E1¢0,500,0.6,0.9- In the second one, Adam
with o = 0.005, 81 = 0.9, and B2 = 0.999 is used for 10 iterations. According to recommendations
in [69], the first model Ry, as well as the last one Rypp will be build using differential evolution
DFE100,100,0.9,0.6. Additionally, every R, with h € N will also use differential evolution. The
remaining iterations will on the other hand use Adam to update the underlying model.

Based on R;, the approximation function ¢;[68] can be calculated:

CGi(z) = pi +ri(z) "R (e — 1)

[ri(z)], = exp (— Z [6:], |20 — [Zk,i]o‘[p:]°> | ri(z) € RMiX1

o=1

(28)

This approach also allows to predict the uncertainty of the surrogate model, here depicted by the
mean squared error s(z)?:

(29)

—17R; 'ri(z
(2 = o? (1 ()R ra(z) 4 LU RT(2) )

1TR; 1

This step, the creation of the surrogate model, is a cubic problem [70]. Therefore, while a higher
M; might provide a more accurate model, increasing M; would lead to a significant increase in
computational expense.

e The second step would then be the optimization of a so called acquisition function. In building
such a function one must find a compromise between exploration (look at regions with few available
information) and exploitation (look at regions with already known good cost function values). The
acquisition function used here is the expected improvement function EI, proposed by Jones et al.
[68].

~ Ci,min — 51(2) - & Ci,min — a(z) - &

BL(2) = (e — 04(2) — ) @ (A28 ) g (G B8 ) g
Here, ®(z) is the cumulative distribution function of the normal distribution N(z|0,1) = ¢(z), and
Ci,min is the minimal element in the vector ¢;. Meanwhile, &; is a factor which emphasizes exploration
in the beginning of the optimization process and exploitation at the end [71]. When calculating the
acquisition function, a small margin (10~®) will be added to the denominators to avoid division by
Zero.

ET; then must be maximized, resulting in the optimized point z;.

e The sample points than have to be updated:

Zi+1 :Zz U {ZZ*}

cip1 =¢; U{c(2])} 31)
Then, the optimum will be determined as the member of Z;, , with the lowest cost function.
Overall, this process reduces the number of evaluations of the cost function ¢ to My + igo, which might
reduce the computation time compared to other methods, if ¢ is sufficiently expensive.
Overall, four parameters can be used to tune the whole process, namely the initial number of random
samples My, the number of iterations igo, the frequency of full model updates T', and &;. Additionally, the
method used to maximize FI; can have an influence on the overall performance of Bayesian optimization.

A.5 Feed-forward Neural Networks

An Artificial Neural Network is in its most basic form simply a graph of connected nodes, which in
some capacity tries to model the behavior of human brains [72]. In the case of a feed-forward network,
these nodes, which are also known as neurons, are each part of different layers (") with I € {0,...,L}.
2 is commonly called the input layer, while (9 is referred to as output layer. Layers in between
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are known as hidden layers. These layers are connected by often nonlinear functions fél()m which are
dependent on a number of parameters ().

z0 = ) (wu—l)) (32)

Consequently, a feed-forward neural network can also be seen as a number of function compositions:

(f(<LL)> é&) (m(0)> (33)

There can be different kinds of functions used for this [73].

Figure 6: Representation of a convolutional connection between the channels :c(l_l and a:g), using the

filter Kc(l,)c, and a stride 57(,) — s =2, as well as a filter size t?(f) — ¢ = 3. In this work, s(l) = s =50

t(l) t(l) =t will always be the case.

~(1—1) 0 . L. (1-1)
Here, Tk and z77 . are seen in red boundaries in x;, and x’ respectively. Similarly, Ty and

a?g)l . are surrounded in yellow, :c(112 k) and xg )2 . in blue, and :c;ZZ }c) and xé)Q in green.

and

® = 1)

e One possible type of function used are dense connections (Qa) between layers. In this case, each
element (also called neuron) xgl_l) withi € {1,...,v0} of layer (=1 ¢ R is connected to every
neuron xg»l) of the layer ® by the weight wj(lz) (W e R X”(Z_l)) Additionally, each neuron x(l)

has a bias value b;l) (bW € ”(l)) as well as an activation function o():

b= (mu—l)) — o0 (Wa)m(z—l) n b(l)) (34)

One therefore has the parameters 8() = {W©) p()},

o A different type of function is the convolutional connection (O¢). Instead of the dense layer, which is
mainly used to connect two one-dimensional vectors, a convolutional function in this work connects

two layers consisting of three-dimensional tensors. Each neuron xEl; . is part of row i € {1,..., Vél)},
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column j € {1,..., Vél)}, as well as channel k € {1,...,x®}, with () € RY vt xs
In a convolutional connection, each channel k of the layer (!~ is connected to every channel ¢ of

the layer () by a filter K(l) e Rt <t Here, tg(f) X t(l) is the filter size. While rectangular filters

) _ 0

are possible, it is common to use quadratic filters (¢, = t(l)), which is done often in this work

as well.

For every node 2

(-1

a part of x k,l , namely ﬁc\z(lj_; ) (chosen depending on filter size t® and stride

9,5,C?
s see Figure 6), has this filter applied. The results of this for all k are added, and a bias bglgc is
applied as well as an activation function ({ -, - ) is the Frobenius inner product):
(=D
e =0 00+ 30 @l KD (35)
k=1

Consequently, the parameters () = { K b(")} define the function fél&), with KO ¢ R xnl ™ xtglxt?

As similar layer to the convolutional connection is the max pooling connection (Qs). Depending

1)

on filter sizes tz(,) and ¢ and stride RO :’c\gl;k is chosen. One can then determine:

l -1

(’3, = max( 53 k)) (36)
In this case, the function fél(z) has an empty parameter set () = { }. The activation function used
here is normally the linear one, so it has not been depicted in the above equation.

Another connection used in this work is the deconvolutional connection (O D) Here, similarly to

:c(l ,i) and z; j) . glj) . can be determined for a node x k), based on filter

sizes ty) and t% and stride sO:

in the previous cases, T

PIGD)
A(l) 0 ,.0-1
i,J,¢ Z Kc k<i,5,k (37)

Finally, the channel 2 has to be assembled, with i € {1,..., yl(,l_l)} and j € {1,..., yﬂ‘l)}:

20 — o0 | 4 AAyN (38)

It has to be noted that the biases inside b, will always be the same value. The parameters for this
function are félg) are 80 = {K® pD},
If one chooses, as was done in this work, Vg(cl_l) = sg)(zjg(gl) -1+ tg) and V,Sl_l) = sél)(ugsl) -1+ t;l)

for convolutional or max pooling connections, as well as Z/;E;l) = sgcl)(ug(gl_l) -1+ t(zl) and 1/75” =

sy(f)(yysl_l) -1+ tél) for deconvolutional connections, padding issues can be completely avoided.

Next, one also need a connection that allows a transformation to flatten (Op) a layer from a three-

dimensional tensor to an one-dimensional representation (l/gsl_l)uél_l)/{(l’l) =)

(1=1) 0 (1=1) 5 (1=1) (1-1),,(1-1)  (1=1)

Op = fU . R% — RY (39)
Lastly, on also needs a connection which can transform a one dimensional layer back into a three

dimensional one, which can be considered as an inversion of the flattening connection Qp, with
VPP 0 = p=1) being a condition to be fullfilled:

La=1 OINYONMO!

Or(vP, v, kM) = O — R" (40)
(@I(U?Sl),ug),/i(l)) ) @p) (:c(l)> —z® (41)
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In this work, four different ativation function are then used:

or(x) =2z

_ 1

1 +exp(—z)
or(x) = tanh(zx)

() T x>0
or(z) =
" 03z =<0

gs (x)
(42)

w(l_l) ag(l)

m(lil) m(l)
oD, 1D s0) Oa

U= =) ﬁ v, D k0 =D ﬁ v

(a) (b)

Figure 7: Symbolic representation of different connections between layers. In (a), the depiction is of either
convolutional (O = O¢), max pooling (O = Oyy), or deconvolutional (O = Qp) connections. In (b), the
depiction is of a dense connection, marked with Q. The activation function used will be marked by the
arrow connecting the different layers.

A.6 Autoencoder

The autoencoder is a special type of feed-forward neural network (see Appendix A.5), first proposed
by Rumelhart et al. in 1986 [74], with this work being improved upon by Kramer in 1991 [75]. The
autoencoder in its most basic form is distinguished by two characteristic properties.

e Firstly, input layer (®) and output layer (%) have to have the same dimensionality. In this work,
the input layer will be denoted as & = x(?), while the output layer will be & = x(%).

e An autoencoder has at least one hidden layer (L > 1) with fewer nodes than input and output layer.
The hidden layer [p with the lowest number of nodes is commonly known as bottleneck layer. The
bottleneck layer is named z = x(!8) € R™.

It is possible to split the autoencoder network into two separate networks, the encoder E and the decoder
D (in Figure 8a, a method used for visualizing autoencoders can be seen):

Eegz(f;l(ﬁg))o...o é}l))>7 9E={9(1),...,0(13)}
DGD:<fé%L))O...O (ZB+1)), GDZ{O(ZB"Fl)’.-.,O(L)}

9Up+1)

(43)

In this work, the domain of input and output layer will be referred to as design space X (x,Z € X), while
the domain of z will be named latent space Z (z € Z). The following can then be assumed:

z = Do, (z) = Do, (Eg,(T)) (44)

The corresponding reconstruction loss function Lz ; for a single sample x; is then the mean squared error,
where w; is the corresponding weight matrix:

LY = (w;, (2 — D(B(x:))))r (45)
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The E, D in the power of the loss function indicate which network parameters are optimized depending
on this loss, which in this case are the encoder network F and decoder network D.

There can be a differentiation between deep and shallow autoencoders, with shallow autoencoder being
characterized by L = 2, while on can find L > 2 for deep autoencoders [76].

A.7 Autoencoder variations

Using only encoder E and decoder D might be possible, but the literature indicates that expanding
the network might be beneficial [45, 46, 48]. Based on these works, four different network combinations
are possible (see Figure 8).

¢ When using a discriminator network Dp;s, the expanded network is known as an adversarial autoen-
coder [77]. The main purpose of its use is to enforce a certain distribution of the encoded training
samples in latent space, which would lead to feasible design being produced over the whole latent
space [48]. While adversarial autoencoders are similar in that purpose to generative adversarial net-
works [60], they do not suffer from mode collapse [78] and allow for easier training due to the lower
dimensional input of the discriminator[48]. To achieve this, the discriminator maps a latent space
representation z onto the likelihood L = Dpis(z) € [0,1] that it has been generated according to
the desired distribution Z. To achieve this, the discriminator is trained to differentiate between two
different sources for latent space samples, namely random samples (z; ~ Z) and encoded training
set samples (E(x;) with @; € X). During training, the following loss function is applied, which is
used to optimize the parameters Op,,, of the discriminator:

£8p% = 5 (i (Dpw(B(w:))) +In (1~ Dpss(2,))) (46)

This forces the discriminator to put out numbers close to 0 for samples originating from the training
set, while samples generate according to the desired distribution are forced towards L = 1.

On the other hand, the encoder is trained to fool the discriminator, with it trying to minimize the
following loss function, so that training samples tend towards L = 1:

ﬁgz,i =In (1 - Dpis(E(x:))) (47)

These two loss functions are each randomly added to the overall loss function of the network for
each batch with a likelihood of Ppjs, so that none, one or both of the loss functions can be used in
each batch. The corresponding network setups using Dp;s can be seen in Figures 8b and 8d.

 One can also add a surrogate network S, which maps a latent space vector z onto the cost function
approximation C' = S(z) € [0, 1]. This could enforce a better separation between better and worse
samples in the latent space, possibly reducing the number of local minima for ¢(D(z)), which would
allow for a faster optimization [45, 46]. Here, the true value that the networks is trained to assume
is

~ 1 8 C(:Bv) — Cmin

@ = 10 10 cmax — Cmin
min — i i 438
c Join o) (48)

Cmax = m{%a))(()\ C(wz)

Here, the following loss function is then used to train the encoder E and the surrogate model S:

Lh5 = Bs (@ — S(B(x)))? (49)

surr,s

This loss function is added to the overall loss function of the whole network. Then, the corresponding
networks using S can be seen in Figures 8c and 8d.
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Figure 8: A depiction of different Autoencoder networks with encoder E and decoder D. Discriminator
Dpis and surrogate model S can be added to the network.
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A.8 Signed Distance Field

The main goal of the autoencoder is to reproduce the input layer at the output layer as closely as
possible. In the case of topology optimization problems like compliance minimization (see section 1.4 for
an example), the boundaries of the design between material and void are most important. To allow the
autoencoder to mainly focus on these parts of the design, a transformation SDF () : [0, 1]™v " — R "=
to a quasi-signed distance field is created, which according to some papers leads to a better autoencoder
performance [79].

The SDF function itself consists out of two steps.

e In the first, one will get g

=2y/nZ +n3  [z],, < 0.002

[wsly, = 4 [2ly, — 0.5 0.002 < [a],, < 0.998 (50)
24/ng+n2  0.998 < [7],,

Here, the term 2,/n2 +n2 is used to indicate which elements still need to get a distance value

assigned, as this term cannot occur naturally as a distance in a mesh of the size n, x n,.
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e In a second step, one will than iterate again and again over the mesh elements, whose absolute value
| [ws]).; | is still equal to 2, /nZ + n2. These elements [vs], ; will be updated by firstly constructing

the matrix Sy,

[mS}k—l,l—l [xs]k—l,l [xS}k—l,H-l
Sea=sen ([osl,) | sl lashy (sl (51)
[xs]k-i,-l,l—l [xs]k-i-l,l [xs]k+1,l+1
If an element in S}, ; lies outside of &g, the closest value will be taken instead. For example, [335]0,1

will be replaced with [zs], ;.
Meanwhile, a filter matrix F is defined:

V2 1 V2
F=11 0 1 (52)
V2 1 V2

One can then can get the matrix §k7l:

EN max{[Sk,g]cyd 3 []-"]c’d} (53)

)

One can than overwrite [zg],

sl = sen(osl) min{ (B, + 171} (54

d

After iterating until the maximum absolute value of xs is smaller than 2/n2 +n2, the final out-

come xg = SDF(x) is achieved.

To transform signed distance fields back to density fields, one can use the function SDF~! : Rty X"s
[0,1]"v X" with SDF~Y(SDF(x)) = =

0 [2],, <05
[SDF~ ()], , = { [2],,+05 —0.5<[a],, <05 (55)
1 0.5 < [z,

It has to be noted that consequently in the loss functions from equations (45), (46), (47), (49), and (60),
x; has to be replaced with SDF(x;), if the signed distance field has to be used.

A.9 Neural Network training

To train the neural networks in this work, backpropagation and gradient based optimization is used.
This makes the performance of the trained networks dependent on the initial parameters set in the
networks. Bias vectors were initialized as zero, while weight tensors W) and filters K are set using
Xavier initialization [80]. In that, they are generated according to a normal distribution with mean of

zero and a standard deviation of
W _ 2
oW =\ 0 5 0D (56)

0) 2
o = . 57
" \/ t 18 (O 4 K(-D) o7

After initializing the network parameters 6y, batch gradient descent is used to optimize the network
parameters over multiple epochs. In each epoch, the training samples are being randomly sorted into ny
batches for each epoch. The loss function for each batch £ is than calculated by averaging over the loss
L; of every sample in the batch, and the corresponding gradient of the loss over the network parameters
g is calculated using backpropagation. This is done for every batch in every epoch.

Adam [55] (see Appendix A.1) is then used to update the network parameters after every batch from 6;
to 0;11. In this work, a learning rate of @ = 0.001, as well as decay rates f; = 0.9 and By = 0.999 are
used when training a neural network.

and
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A.10 Pretraining

For autoencoder, there is always the possibility of using pretraining for the encoder F and decoder D,
as this might improve the autoencoder performance, although there is conflicting evidence [81, 82].
For pretraining to be possible, there would need to be several corresponding layers with the same di-
mensionality in both encoder ' and decoder D. This would than allow one to split up both into np;e
smaller networks F; and D;, where the input layer of E; and the output layer of D; would have the same
dimension, as well as the output layer of E; and the input layer of D;:

E:(Enpreo...oEl)

58
D:(Dlo...Oanre) (58)

One could then train these smaller networks, beginning with £; and D; and then going inwards from
there, by minimizing either the loss function

Efrjejff:(wl-—(D10...ODjOEjO...OE1)(:ci))2 (59)
or .
Lo =((Bicio...0Ey) (@) — (DjoEjo...0Ey) (x))”. (60)

While the first loss function overall leads to smaller losses, this is achieved by a longer calculation time.
Therefore, in this work, Lyrc2 is used for pretraining.
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B On the existence of X’

As it is technically true that one can find a one-dimensional X’ which includes all local minima of any
arbitrary cost function by simply connecting them one after another by straight lines, another important
point has to be added to the assumption used in this work. This is that X’ can be recovered when only
using a subset of all the local minima.

For instance, if one had all local minima on a plane in a higher dimensional space, one could connect
them all in a line. But this line will vary if one only uses some of the local minima to construct it, and
therefore, it is unlikely that the global optimum will be part of this line if it was not used to construct it.
On the other hand, one would only need to use 3 random local minima to construct a plane which in every
case will include the global optimum. Consequently, one would consider that X’ had a dimensionality of
m = 2. More, but again likely not all local minima would be required to construct X’ if this manifold
was curved.

Mathematically, this could be described by assuming that there exists a transformation Ty, parame-
terized by a proper subset Y of the set of all local minima X:

3Ty : R™ - R" (Vsr: €EXIz(x= T(z))), Y € X = {z|Ve(z) = 0} (61)

C Calculate probability of good results in the design domain

To find samples belonging to X', local optimization is proposed. But one could question, if other
methods like random sampling might also be used to find designs with a low cost function, who likely are
close to a local minimum.

For an examples, one will use compliance minimization on a 40 x 100 mesh, and the typical bridge problem
(see Figure 18). When randomly sampling 400.000 points, one can find that the minimum compliance
value is Chhin ~ 1792.3. Consequently, the event C' < C),;,, did not happen once in 400.000 tries.

From this, one could try to approximate the probability p = P (C' < Chin) [83]. In a first step, one sets the
confidence for this approximation, which in this case will be chosen to be 95%. Then, one can calculate
the confidence interval of p € [pl, p2], also called Wilson interval:

2
(i - pm) _ P2 (1= piz) )

n

The selected confidence of 95% will lead to k = 1.96 in equation (62), with f = 0 being the number of times
the event C' < Chyin has happened and n = 400000, leading to the confidence interval p € [0,9.604e — 6].

By the use of local optimization, it can be shown that there are designs which allow for a compliance of
below C < 200 for the given problem, with the probability P(C < 200) consequently even smaller than
p. Therefore, the probability of finding samples which have a low compliance, and therefore likely belong
to X', using a random search is vansihingly low.

D The continuity of the decoded latent space X, in the design
space X.

Firstly, it has to be noted that both Encoder E and Decoder D are continuous function (this is
a necessary condition for them to be differentiable, which is a requirement for backpropagation-based
network training). Meanwhile, in this work, it can be assumed that Z = [0,1]™, with E : X — Z,
D:7Z— Xz and Xz C X.
Under these conditions, it can be assumed that Xz will be an m-dimensional, continuous manifold, as
the Decoder just deforms Z, with neighboring points staying closely together.

D(z+dz) = D(z) + VD(z)dz. (63)

Consequently, there can also be no holes in X, as some points on opposite sides of the hole would have
need to be far apart, although they were close together in Z (which had no holes, which would contradict
equation (63)
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E Explaining results from section 1.3

The tendency of autoencoders encoding evenly spread samples X from a n-dimensional manifold onto
a m~-dimensional latent space Z to include the mean of the samples Z in the decoded latent space Xz has

been observed.

This can likely be explained by the fact that the mean has the lowest reconstruction error:

T = argmin Z s — x|
zeX 4

This can be proven by firstly considering a one-dimensional problem:

Z(gcZ —2)? = Z (27 — 232 + 2°)
- Z (z7) — QI’Z (z;) + na?

2

= (xz) —nT? + nT? — 2T + na’

argmin Z(ml —x)? =argminn(r —7)*+c=7
xr . xr
?

(64)

(66)

As " ||lz; — ||? is just the sum of > (x; ; — x;)? over each dimension j, the minimum of the former has

K3 K3
to be minimal if each dimension of @ takes the average value of the samples in this dimension. Therefore,

the minimum of the former equation can be found at = .

F  Proof of concept 1

A function c is designed in multiple steps to test the viability of the proposed method.

1. In a M = 10 dimensional space (Y = [0,1]™), 2500 random points y; € Y are generated. These

points ¥y = {y1,..., Y2500} are then saved.
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2. A mapping Tp : RM — R™ is created, which allows to find &; € R” from y; with n = 1000:

1,4 =tanh (lez + bl)
a,; =exp (— (Wazq; + ba) © (Wazy; + b))
2
[.%'B,i]j 2177[1)?% ([332,1']]' — [bg]j) -1

T4; =Wyx3; + by

4
5.4 :g tanh (33471' — :13471)

[2i]; = (2 [2s,4]; — i) ([3:51]5 - 1) + %arcsin ([xg”]J)

1 1
W, € RM, (Wi, ~U (20, 10) sgn (U(—1,1))
1 1
Wa € RV [Wil,, ~ U (20 10) sgn (U(-1,1)) (67)
W,y e R™*", [Wl]k,l ~U 20° 10 sen (U(-1,1))
11
b €R", [b]; ~U <_2’ 2)
11
b2 S Rn, [bl]] ~ U (—2, 2)
[ba]; = min[z2,];
11
b4 S Rn, [bl]] ~ U (—2, 2)

This leads to X = Tp(Y) = {x1,...,®2500}, where @1 = 11, with 1 € R"™ having a value of 1 for
every element. These points will be part of an continuous m-dimensional manifold in R".

3. The function ¢; can than be build:
ci(x) = min ||z — a;||? (68)
K3

This function will have multiple local minima, with ¢;(2;) = 0.

4. The function ¢y can be build:

ca(x) = (1 — exp (—10 |z — 581H2)> (g +exp (—10 |z — a:1||2)) (69)

This function will have one global optimum at x;. Up until a distance of R = 0.385 from this
optimum, local optimization should lead to the global optimum, while points farther away should
not be able to get to the global optimum using local optimization.

5. The final function ¢ can than be found, with the global minimum at ;:
c(x) = c1(x) + c2(x) (70)

This function is then optimized in two different ways:

o Firstly, the proposed method from 1.2 is used, with the four steps being implemented as follows:

1. 10000 random samples are created by sampling the design space X = [—1, 1]" uniformly. From
these points, the training set Xjsgo is created using Adam with a = 0.01, 57 = 0.9, and
B2 = 0.999.
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Figure 9: Black connection use the activation function o1, red ones use oy, and green ones use o3 (see
equation (74)).

2. A neural network (see Figure 9) is than trained with mean squared error loss function for 250
epochs, with the first 225 epochs having 10 batches each, while the last 25 epochs only use one
batch. The latent space dimension m is chosen as m = M = 10, as well as m = 5 for a second
case.

3. The optimization over latent space is than performed, using the cost function ¢, (see equation
(3)) with u = 5. Here, on uses differential evolution D FEsq 500,0.6,0.9 for the optimization of cs,
and Adam with o = 0.001, 51 = 0.9, and 2 = 0.999 for the local optimization steps LO inside
of c5

4. Post-processing consists of v = 1000 steps, using Adam with a = 0.001, g; = 0.9, and [y =
0.999, and uses the from from equation (6).

o Alternatively, an optimization over the whole latent space is performed using differential evolution
and post processing. Here, during the first steps, DFE1000,5000,0.6,0.9 is used, while in the post-
processing, 500 steps of Adam with o = 0.001, 51 = 0.9, and 82 = 0.999 are performed. This result
is not considered in section 1.3.

Results

In Figure 10, it can be seen that the proposed method is able to find the global optimum of ¢, something
that a more standard approach of differential evolution in the design space was not able to do in the same
timeframe. This is caused as the global optimum is likely included in the decoded latent space X;. An
example for such a case can be seen in Figure 15. But it has also to be mentioned that even if there
exists a M dimensional manifold X’ on which all local optima lie, than this does not guarantee that the
decoded latent space Xz will be able to reproduce this behavior (see Figure 16)

G Proof of concept 2

Four benchmark functions from a paper by Abualigah et al. [62] will be optimized using the method
proposed in section 1.2.

filz) = zn: (—mi sin (\/M» + 418.9829n, € [~500,500]"

i=1

fa(x) =20 | 1—exp | —0.2

1 Zq n
fa(x) =(x) =1+ 7000 ; ( (cos (\/i)) , x € [-500,500]" (71)
fa(z) % <10 sin (my1)® + Z (1 +10sin (7yiz1)* + u)) , x € [—50,50]"
=1
Y = %TM’ u= i 100 max {0, ;| — 10}*

i=1

In each case, the original dimension is chosen to be n = 100, with the latent space having the dimension
m = 5. For all these functions, the minimal value is f; = 0.
For each step, the following exact methods have been used:
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Figure 10: The results of optimizing c¢. The continuous lines describe the first step, where A steps of local
optimization are used on 10000 random initial points. The dashed line shows the minimum during the
optimization over latent space, while the dotted line shows the best compliance during post-processing.

o The training set is generated by optimizing N = 10000 random samples using Adam (parameters in
Table 2). But only the half of the found samples with the lower function values is used for training
the neural network, firstly to speed up training and secondly to avoid training on samples with
overall worse fitness. In section 1.3, one only uses the case of A = 125, but the cases A = 5 and
A = 25 will also be considered in this part of the appendix

Table 2: Parameters of Adam used for local optimization.

Function | Learning rate o | Decay rate 81 | Decay rate (B
S 20 0.9 0.999
fa 1 0.9 0.999
f3 30 0.9 0.999
fa 2.5 0.5 0.75

e The samples are firstly normalized, with:

1
Xtrain = 7X}\~ (72)

max
This is done as the Neural Neutwork output is limited to the domain [—1, 1]™, while € [—Zmax, Tmax]"-
It also implies that the decoded samples D(z) will have to be multiplied with the factor @y before
evaluating the function value.
Here, the autoencoder (see Figure 11) is trained using Adam for 100 epochs, with 20 batches each,
with the loss function being the mean squared error.

o For optimization in latent space, differential evolution D Es., 2000,0.6,0.0 has been used to optimize
the cost function Cp.

e Finally, during the post-processing, Adam was used for v = 2000 iterations with parameters from
Table 3.
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Figure 11: Black connection use the activation function o1, red ones use o2, and green ones use o3 (see

equation (74)).

Table 3: Parameters of Adam used for post-processing.

Function | Learning rate o | Decay rate 51 | Decay rate (o
f 0.5 0.9 0.999
fa 0.00025 0.9 0.999
I3 0.05 0.9 0.999
fa 0.05 0.9 0.999

Results

When comparing the different results in Figure 12, it is clear that in cases of fi and f2, one was unable
to find the minimum value of min(f) = 0, while this was possible for all values of X in f3 and f;.
In regard to the fact that no global optimum was found for fi, it can be argued that this is the case as f;
does not fulfill the assumption made in constructing the proposed method, as its local optima are nearly
evenly spread around the domain X. Therefore, X’ is similar to X and can not accurately be recreated
by Xz, which is produced by the autoencoder.
Meanwhile, the proposed method can find the global optimum of f3 and f; up to machine precision,
although both cases share the fact with f; (and fo2) that the local minima are distributed evenly throughout
the whole domain. But they have the main difference that their global optimum, as the one of fs, lies
in the center of the nearly uniformly distributed cluster of training samples on which the autoencoder is
trained. And as the autoencoder in such cases then often includes the mean of the training samples (or
goes close by, see Appendix E and Figure 17), one can expect the optimum of the optimization over X
to be close to the global optimum. This behavior seems to be independent from the dimensionality m of
the latent space Z, as the f3 and f4 can also be optimized successfully for m = 2 (see Figures 13b and
13c¢).
It has now to be explained why for fo, no matter the latent space dimensionality m, the global optimum
can not be found (see Figures 12b and 13a), despite the similarity to the previous cases. The cause for
this can likely be found in the frequency of local optima around the global optimum (see Table 4).

Table 4: Normalized frequency of local minima per dimension k; and for all dimensions k for different
functions. The values of T; are approximation and only valid near the global optimum.

Property fo f3 fa
Tmax 32 500 50
Period T, 1 2mV/i 4
100
k= Tk | 3.0-107 | 81-10712 | 2.0.107110
i=1

The normalized frequency of local minima is much lower in the case of f;. Consequently, the part of
the domain from which local optimization would lead to a specific optimum is much smaller. Therefore,
the decoded latent space Xz missing the global optimum by a small margin (either due to discrepancies
between x and the global optimum, or due to the autoencoder not exactly including &, with both cases
visible in Figure 17) is a much greater problem for f; than for f3 and f4. Consequently, the global optimum
cannot be found for f5 in this case. This explanation is reinforced by Figure 13d, where a reduced domain
of fo (z € [—12.5,12.5]", which would lead to a similar frequency of local minima as for f,) allows the
proposed method to reliably find the global optimum.
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Figure 12: The results of optimizing the benchmark functions f;, showing after a number of function
evaluations n., the corresponding minimum function value min(f) found. The continuous lines describe
the first step, where X iterations of local optimization (Adam[55]) are used on N = 10000 random initial
points. The dashed line shows the minimum during the optimization over latent space, while the dotted
line shows the best compliance during post-processing.

H Examples for different distributions of training samples

Three examples should be given to showcase the possible behavior of the proposed method for global
optimization, depending on the distribution of the training samples of the autoencoder. For each of these
functions, the design domain is X = [—1,1]?, with the latent space being Z = [0,1]. Therefore, the

autoencoder encodes a n = 2 dimensional system into a m = 1 dimensional one.
The cost functions which shall be optimized are the following, with H (z) being the Heaviside function:

e1(z1, 22) =3 (1 —exp (—5 (x‘f +2H (21)22 (23 — 0.5625) + (22 — 0.5625)2>>) +1— exp (—1023)
+ i (1 — cos (40 arg(zy + ix2))) (1 + cos (arg(z1 + iz2))) (1 — exp (—2F — 23))
eo(1,72) = 1—-cos(arg(x1—%ix2)——4W($%O+—x§0)é)> (1——exp (—5(x}0+-ag0)%))
(=5 (21 + 0.5)% + 22))) + % (1~ cos (40arg(z +i22))) (1~ exp (=5 (a1 + 1))

<— 5 (22 + x%))) + exp(1) — exp (; (cos(10mz1) + cos(1077332))>
(73)
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Figure 13: The results of fo, f3, and fy, with n = 100 and m = 2. In Figure 13d, the results for m = 5 of
f2 is shown, but this time with a smaller domain for ;.

For the first step of this process, namely local optimization, Adam [55] is used for A = 60 steps, on
N = 250 samples with the following parameters:

Table 5: Parameters of Adam used for local optimization.

Function | Learning rate o | Decay rate 5, | Decay rate (o
c1 0.05 0.9 0.999
Co 0.02 0.9 0.999
c3 0.01 0.9 0.999

For the second step, a seven layered deep, dense autoencoder is trained (see Figure 14), for 300 epochs
and a batch size of 25, using Adam. In this neural network, three different activation functions are used:

o1(z) =LR(tanh(x),0.25)

1
o2(x) = 1+ exp(—x) (74)
o1(z) =tanh(x)
Here, LR is the so called Leaky Rectified Linear Unit (LeakyReLU) [84] function:
r x>0
LR(z,a) = 75
(@) {ax z<0 (75)

The results for the first two steps of the proposed optimization process (see section 1.2), the generation
of training samples and the autoencoding, can be seen in Figure 15 for c¢;, Figure 16 for ¢y, and Figure
17 for cs.
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Figure 14: Autoencoder structure used in Appendix H. Black connections use the activation function o,
red ones use o2, and green ones use o3 (see equation (74)). One can find & = D(z) = D(E(x))

I Implementation of the problem in section 1.4

In this part, the exact implementation of the four steps of the proposed method (see section 1.2) for
the compliance minimization problem from section 1.4 is presented.

I.1 Generating the training set

When generating the training set, it is imperative to ensure a lot a variety in between different samples.
And while simply using SIMP to advance to each sample from a random initial distribution is possible,
this approach is not without flaws. Mainly, it is possible that multiple different starting positions might
results in the same result, which would be a waste of time. To avoid this, a method called deflation can
be used [58]. In this method, G; during SIMP (see Appendix A.2) is updated in the following way, which
pushes new samples away from already explored designs:

. —502 T8 (76)

—x;), (zi — ;)%

The samples are then generated according to the following method:

e 50 initial designs are constructed. Here, the first design x; o is the homogeneous material distribu-
tion, while the other ones x; o are generated randomly:

(0], = U(0,1)2 (77)

o From each initial distribution x; 0, 100 designs are created, one after another. The first design is
created without any influence of previous designs, meaning that X (see equation (76)) is empty.
But afterwards, all the designs already produced will be included in X. Two such sets are used here,
namely 3(/25 and X 250, which include previous designs after 25 and 250 steps of SIMP respectively.
Xv% is used as testing showed that using two separate steps of deflation would lead to more variety
and better results than a one-step approach.

Each design is then generated as follows, where @ ; is one of the initial distributions, and local
optimization is performed using SIMP (LO(x;) = SIMP. g(x;), where € is a parameter for the
Ginzburg-Landau energy sensitivity (see Appendix A.2), Wthh is used in this case instead of filter-
ing):

was0,5 = (SIMPSs 1y o SIMPRy 0 SIMPPS 0 SIMP, ) (wo.5) (78)

This results in overall 5000 training samples, from which 4000 are randomly selected to train the autoen-
coder, while the other 1000 are used for validation of the autoencoder training.

1.2 Training the autoencoder

After generating the training set, the samples from it are used to train an adversarial autoencoder
(the discriminator network enforces a uniform distribution over the latent space, with Ppi; = 1) with
a surrogate model network S (with the weight B¢ = i), more information about which can be seen in
Figure 8d and Appendices A.6 and A.7. The specific network types used can be seen in Figure 40, and
the layer architecture used is mainly chosen based on the results of prior experiments (see Appendix K.2).
Additionally, a signed distance field is used to encode the training samples (see Appendix A.8) with the
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Figure 15: In part (a) of this figure, one can see the initial random starting points Xy, and the corre-
sponding sample points Xgq, after 60 steps of local optimization using Adam, based on the function ¢;
in part (c) (see equation (73)). Additionally, one can see the autoencoded version of these points, with
AFE;(Xe0) = D;(E;(Xeg0)), with the thin line of the same color corresponding to the decoded latent space
domain Xyz,.

Meanwhile, in part (b), one can see the values of the cost function ¢;(D;(z)) over the latent space domain

(z € Z =0,1]). The optimum can here be found at the position &y, = argmin ¢;(x) = (0.75,0), with
xzeX

¢1(®min) = 0. See Appendix H for details on the cost function and training of the autoencoder.
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Figure 16: The analogue to Figure 15, only for the cost function co (see equation (73)). The optimum
can here be found at the position @i, = argmin co(x) = (—0.5,0), with ca(@min) = 0. See Appendix H
zeX

for details on the cost function and training of the autoencoder.
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Figure 17: The analogue to Figure 15, only for the cost function ¢z (see equation (73)). The optimum
can here be found at the position @,;, = argmin cz(x) = (0,0), with ¢3(@min) = 0. See Appendix H for
zeX

details on the cost function and training of the autoencoder.
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following weights used in equation (45) to concentrate the autoencoder on the design boundaries:
1 [SDF(CL’i)]k,z <1

0.5 1< |[SDF(z:)],| <2

0.25 2 <|[SDF(z;);,| <5

Ww; = (79
wha=01 5< [SDF(2,)],,| < 10 )
0.025 10 < |[SDF(=,)],,,| < 20
0.01 20 < |[SDF(z;)],,

Furthermore, 50 epochs of pretraining (see Appendix A.10) are used for the encoder network E and
decoder network D, where the first 45 epochs use 10 batches each, and the last 5 epochs only consist of
one batch each. During that, each part of the network will be split into np.e = 2 parts, with the outer
part consisting of the convolutional layers of the network, and the inner part being the fully connected
layers (see Figure 40a).

After that, 225 epochs with 10 batches each and further 25 epochs consisting only of one batch are used
to train the whole network (see Appendix A.9).

The use of these settings was used due to it being superior in its resulting design compared to other
network setups used for the same problem. It has to be noted that, to the best of the author’s knowledge,
the combination of using a discriminator as well as a surrogate model is novel, the same being true for
the use of the signed distance filed as a method of encoding the designs.

I[.3 Optimization over latent space

When optimizing over latent space, the following cost function was optimized, in this case with pu = 25:

cu(z) = (Co SIMPJS; 1y 0 SIMPY,

Here, the second part of local optimization using SIMP (this time with an smaller €) is done to avoid the
issues with the influence of gray values on the quality of a proposed design (see Appendix K.5). This is
also the main motivation behind the inclusion of this part in the generation of the training set and the
post-processing.

In this part, two different methods are applied to optimize the cost function cas.

o SDF'o D) (2) (80)

o Differential evolution D Esgp 500,0.6,0.9 (see Appendix A.3)

o Bayesian optimization with the parameters My = 1000 and ipo = 300 and with T = 1 (see
Appendix A.4). While Differential evolution was used to optimize the model parameters in every
iteration of the optimization process, the method used was not always the same. Namely, one used
DEFEg,G;,0.6,0.0 With

81
10 else (81)

To emphasize exploration of the latent space in the beginning, and exploitation in the end, the
following values for &; in the acquisition function EI; are selected (see Appendix A.4):

10 ¢+ <200
;= 82
¢ {0 12> 200 (82)

Gi:{5o i=0 mod 100

Additionally, the acquisition function £1; was maximized by minimizing —E1; using D F100,500,0.6,0.9-

1.4 Post-processing

From the optimum z*, one can get the final design x*:
at = (SIMPol_gs, o ©SIMPP® o SDF "o D) (2*) (83)

That means that the post processsing method from equation (6) is used.
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I.5 Variations on the design

while in the final results, a adversarial autoencoder with a surrogate network was used to encode the
signed distance field, with m = 100 and p = 25, other possibilities were tested to see which way would
let to the best results, with the variations visible in Table 6: It has to be noted that for the case of using

Table 6: The different variation tested for solving the optimization problem.

1 1 2 3 4 5 6
0; =0 | m =25 | no pretraining used | no Dp;s used | no S used | no SDF used | pu=
6;=1| m=100 pretraining used Dp;s used S used SDF used w=25

not the signed distance field, but the density to encode the designs, the following weights where used in
equation (45):

[wiliy =2 (1 [[oide, — 0.5]) (34)

Each of these methods, which are all based on the same training data, are then done four times, to take
into account the randomness involved in the initialization of the neural network parameters (see Appendix
A.9) and the optimization over latent space (here, only differential evolution was used due to its greater
speed (see Appendix K). The method is then deemed to be successful if it can reliably produce final
results whose compliance C' is lower then the lowest compliance from the training samples. From the 64
different test cases, this is the case in 14 cases. In Table 7 it can been how these successful cases are
distributed between the different variations: These results also overlap (except in the case of d4, the use of

Table 7: The ratio of successful variations belonging to each instance of the varied variables, given in
percent.

1 1 2 3 4 5 6
0; =0 | 28.6 | 214|357 |50.0|357]| O
0;=11]714 | 786 | 64.3 | 50.0 | 64.3 | 100

the surrogate model S) with the final set-up used (§; = 1 Vi), which is able to produce the design with the
lowest compliance (see Figure 4d). This same network design also shows the lowest average compliance
of the results over all four runs, making the case for choosing it as the design used in the main text even
stronger.

The fact that 30 of the test cases where never able to outperform the training set shows that even if
the underlying assumption about the cost function seems to be true, one still needs to be careful when
constructing the network used to approximate the space X'.

J On the evaluation time for the optimization over latent space

When trying to approximate the running time for optimization over latent space, there are three
variables to consider. The first one is the cost function evaluation time 7T,. The second one is the time
needed for modeling in Bayesian optimization Th; (if only run on one processor core). and the third and
last is the number of available processors N,. For the used implementations of both the methods (see
Appendix ?7), one can then calculate Tpr and Tso (overhead of parallelization is neglected here):

e 150000

T = 7Tc = Tc
DE N, N, )
My . T 1000 5000000s
Trn = [ =2 T.+—"— = 300 | Te + ——
BO (Np + ZBO) + N, ( N, + ) + N,
It has to be noted that these equations are only valid if:
v MO +
—,— €N 86
NN, © (86)



When considering the viability of using Bayesian optimization, two factors are important. The first one
is 1,0, the point after which Bayesian optimization becomes more efficient. This can only happen when
the condition vG' — My — Npipo > 0 is fulfilled:

T.>T.0 <= Tpr >Tpo
Tu 50000005 (87)

= T,0= =
“*7 3G — My — Nyigo 149000 — 300N,

If Tt o indeed exists, then the second import information is the factor kz:

o — TpE _ ~G _ 150000
" Tpolp e Mo+ Nyipo 1000+ 300N,

(83)

For N, = 100, as used in this work, one will get T.¢ ~ 42.0s and k7 ~ 4.84. If no parallelization is
possible, then one will get T, ¢ ~ 33.6s and k7 ~ 115.4.

If there exists an efficient parallelization of the cost function itself, with a negligible overhead, then the
problem becomes similar to N, = 1.

K Compliance minimization 2

F

Figure 18: Problem that has to be solved, in this case with n, x n, = 10 x 16 = n = 160, where n, and
n, are the number of quadratic FEM elements in the respective directions.

The proposed method will be tested for the (relatively simple) problem of minimizing the compliance
C (see Figure 18):
min  C(x) = (u(z), F)

x€[0,1]"y X e

K(z)u(z) = F (89)
T =py=04

Here, K € R?™v"=X2m"a ig the stiffness matrix resulting from the mesh, and F' is the force vector, while u
is the displacement field. F' is here a vector, where the only non-zero element corresponds to the downward
force F' in the upper left corner (see red arrow in Figure 18). The compliance C(x) corresponds to the
cost function c(x).

K.1 Varying network types

In a first test, for three of the four steps of the proposed method (see section 1.2), a total of eight
hyperparameters are varied.
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1. Generation of training data (see Appendix L.1 for detailed implementation)

o The number of elements n, and n, used in the problem, with n, x n, € {30 x 60,45 x 90, 60 x
120}.

e The number of local optimization steps A being used to create the training samples, with
A € {0,30,300}.

2. Training of the Autoencoder (see Appendix L.2 for detailed implementation)

o The number of latent space dimensions m of the autoencoder, with m € {25, 50}.

e The use of a density field or a signed distance field SDF to represent a design during training
(see Appendix A.8).

e The use of a discriminator network Dp;s to enforce a certain distribution in latent space. Using
this network would result in an adversarial autoencoder [61] (see Appendix A.7).

o The use of a surrogate model network S, which maps the latent space representation E(x) of
an sample x to its cost function value ¢(x) (see Appendix A.7).

o The use of pretraining in the autoencoder (see Appendix A.10).
3. Optimization over latent space (see Appendix L.3 for detailed implementation)

o The cost function ¢, which is used to optimize in latent space, with p € {1,10}. Here, Cj is
not used to avoid problems of violating the volume constraint (p = 0.4). In a third run, a few
random points in latent space are generated and then optimized using SIMP. This is mainly
used to see if global optimization in latent space is advantageous.

4. Post-processing (see Appendix L.4 for detailed implementation) will have no variations.

Finally, as there is a lot of randomness involved in the whole process (for example the initialization of the
network parameters, or in the optimization over latent space). To limit the influence of the randomness,
for each training set and variance of autoencoder, two training runs will be performed. Both of the
decoders produced are than used for optimization.

This will allow to estimate if the different performance of different setups tested in this work are caused
by the differences in these setups, or if they are only due to the randomness mentioned above.

The networks used for these simulations are shown in the Figures 41, 42, 43, and 44

Results

The first possible point to be considered are the mean squared reconstruction errors FEipai, produced
during the training of the autoencoders, and especially the comparison to the reconstruction error E.,
from the validation samples not considered during training. As it can be seen in Figure 19, in no case
the validation error is larger than 1.01Fi.,i,. Consequently, overfitting does not seem to be a problem,
which also indicates that network training might be performed with fewer parameters or networks with
more trainable parameters could be trained on the same training set.

Additionally, it can also be observed that an increase in A generally leads to a decrease in the reconstruction
error, although this is not the case for every network trained.

But more important in this work is the ability of the decoder to produce good, stiff designs which can be
found reliably during optimization. Here, the results can be seen in the Figures 20, 21, 22, 23, and 24,
where a number of trends for each of the variations pursued can be observed.

o Firstly, it seems clear that a increase in problem size seems to be negatively impacting the ability of
the decoders to produce superior designs. For example, the best design in ny X n, = 30 x 60 has a
compliance of C' = 0.953C}, ~ 0.961C,. (C}, is the compliance of the design achieved after 1000 steps
of SIMP, starting from a homogeneous design, while C,. is the compliance of the best design in X ).
Meanwhile, the best design in n, x n, = 60 x 120 has a compliance of C' = 0.991C}, =~ 0.994C:.
Additionally, while the majority of all designs for n, x n, = 30 x 60 and A > 0 can outperform C,,
and C, is worse in every case, this is rarely achieved in the case of n, x n, = 60 x 120.
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overfitting does not seem to be a problem.

over the training error. The small values indicate that

train

¢ When looking at the influence of A, it can be seen that the best designs are found for A = 300, in
which case the average minimum compliance also is the lowest (see Table 8).

Table 8: Minimum compliance Cpi, and mean compliance C in dependence of ny X ng and A, in the form
C(rnin/a-

Ty X X=0 X =30 X = 300

30 x 60 | 97.69/98.54 | 95.09/97.48 | 94.03/97.07
45 x 90 | 95.07/96.10 | 94.49/95.61 | 94.33/95.44
60 x 120 | 94.19/94.93 | 94.19/94.91 | 93.67/94.47

As the use of a high A seems to be beneficial, the cases of A € {0,30} will be neglected in the further

analysis of the results.

¢ When looking at the number of latent space variables m, it can be seen that a higher m generally
allows for a lower reconstruction error Fi,ain, but the influence on the compliance found seems to be
minimal, with no clear trend. For every problem size, the best design is always found on a decoder
with m = 25, but there is no trend to generally infer that a lower m leads to better designs.

e When looking at the difference between using a density field and a signed distance field in Figure
20, the use of a signed distance field seems to be beneficial, as all of the best designs use this kind
of formulation. For example, in the case of n, X n; = 30 x 60 and A = 300, in nearly four out of
five cases, SDF is the better choice, including the best design. Additionally, in the other problem
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Figure 20: Mean squared error reconstruction error E},,in and compliance C' after post-processing for all
the different designs used in section K.1. Autoencoders trained using a signed distance field are symbolized
by crosses, and ones trained on a density field by pluses.
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Figure 24: Mean squared error reconstruction error E},,in and compliance C' after post-processing for all
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sizes, the use of SDF seems to be the only method to outperform C,.. Therefore, it seems overall
advantageous to use the signed distance field during network training and latent space optimization.

e When looking at the possible use of the discriminator network Dpis in Figure 21, the influence
seems to be much smaller. In the case of n, x n, = 30 x 60 the use of the discriminator seems to be
advantageous, with using it being better in &~ 65% of cases, including most of the best designs. But
this trend cannot be found for the cases with larger problem sizes. Therefore, using a discriminator
or not seems to have little influence on the final design found. As the training of the discriminator
takes time, it is therefore likely better if it is not used.

e Similarly, no clear trend can be seen in regard to the use of a surrogate network S in Figure 22,
although especially in the case of n, x n, = 30 x 60, the use of a surrogate network seems to be
a obstacle in regard to finding good designs. As the training of the surrogate network again takes
extra time, with seemingly no resulting benefit, not using it likely is the better choice.

e In regard to pretraining, there is a split trend. As can be seen in Figure 23, not using pretraining
seems to be the most promising approach in outperforming C, for n, x n, =45 x 90 and ny, X n, =
60 x 120. But on the other hand, in the case of n, x n, = 30 x 60, using pretraining seems to be
beneficial, with most of the best designs relying on it. But as this proposed method should primarily
solve larger problems, it seems that overall the use of pretraining seems to bring no benefit, while
again costing time and computational capacity. Therefore, not using pretraining is likely the better
choice.

o Lastly, the influence of i can be looked at in Figure 24. The first point that can be noted here is

that the use of latent space optimization is indeed necessary, as the random sampling approach in
very few cases outperforms C,., and in no cases produces a design with a compliance smaller than
0.9975 C,..
On the other hand, using latent space optimization can lead to significantly better results. Overall,
in around 90% of cases, u = 10 leads to better results than p = 1, and additionally, all of the best
designs for each problem size have been found using p = 10. Therefore, the use of = 10 seems to
be the better approach.

Overall, it has to be mentioned that there is no specific network layout which can reliably outperform C..
Consequently, if used, it is likely that multiple runs of the method are required to improve upon the C;.
Additionally, when compared to standard SIMP, the proposed method takes a far longer time. While C,
is created using 1000 steps of local optimization LO, the superior designs are found only after hundreds of
thousands of steps of local optimization and cost function evaluations, not to mention the training time
needed for the neural network.

On another note, for each case with a specific problem size and a certain A, there does not seem to be
any trend in regard to the influence of the reconstruction error Fi..i, on the compliance of the design
produced by the specific network.

K.2 Varying the network layer design

The influence of the network design (number of layers L, and the number of nodes in each layer, ...)
likely influences the ability of the network to produce good designs and will be looked at next. To test
that, for one case (n, X ny = 30 x 60, A = 300, m = 25, use of pretraining, a discriminator network
Dpis and a signed distance field via SDF, but no surrogate model S (see Appendix L.2 for details)),
different network types for the encoder F and decoder D are tested, with the variations focusing on the
three-dimensional layers of the network.

1. The filter size t?(,l) and t&l) is varied in many layers (except in layer 1 and L, which are determined
by previous layers), with t() = t;l) =¥ ¢ {2,3,4,5,6}.

2. The stride s = sz(f) =s{ e {2, 3} is varied.

3. The channel number £ is changed. Here, the channel number is either increased incrementally
from layer to layer, or every three-dimensional layer (except the two outermost most) will assume
the number of channels of the innermost three-dimensional layer.

o1



The exact 20 networks used can be seen in Figures 45, 46, 47, 48, and 49. For each network, an optimization
is performed for u € {1, 10}, with a following post-processing. Additionally, 500 random points are selected
from the latent space as a start for local optimization of 500 steps of SIMP in design space for each decoder
trained.

Like in the previous section, every network is trained twice, with each being used for separate optimization.
This is done to reduce the influence of the random steps in the process on the results. Again, this is done
to reduce the amount of randomness in the results.

Results
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Figure 25: Reconstruction error for different network setups (see Figures 45, 46, 47, 48, and 49).

In the Figures 25, 26, 27, and 28, one can see a number of trends. The first to note would be the
superiority of lower stride values, which in every instance produce networks with a lower reconstruction
error and the ability to produce better designs before and after post processing. It might be proposed
that a stride of s¢) = 1 would be even better, but such networks are often too large to train in a feasible
amount of time.

A second point to be noted is that using the maximum value of x(*) in most three-dimensional layers,
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Figure 26: Best compliance before post-processing for different network setups (see Figure 25 for legend).
Some values have compliance values above C' = 100 and are therefore not visible in this figure.
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Figure 27: Best compliance after post-processing for different network setups (see Figure 25 for legend).
The encirceld markers correspond to the designs gotten when not using optimization over latent space,
but instead using post-processing on random latent space samples.

instead of increasing it towards the center of the network, will lead to a lower reconstruction error in
every case and less compliant designs after optimization in most cases (t*) = 3 does not match here).
When taking these two points out of consideration, it can be seen that changing the number of parameters
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mization (see Figure 25 for legend).

in another way (more parameters connecting the dense, inner layers of the network) will not drastically
change the quality of the network, neither in regard to reconstruction error nor the compliance of the
optimized designs.

Furthermore, it has also to be noted that the filter size seems to have a limited influence on the quality of
the final design, although a filter size of t()' = 4 seems to be most efficient. It can also be seen, like in the
previous part, that the use of optimization over latent space seems to be beneficial, as just post-processing
random designs sampled in latent space does not lead to the same results.

Lastly, there seems to be a trend of networks with lower reconstruction error producing better designs
(see Figures 28), which stands in contrast to the results from the previous simulations.

For all the results it can be noted that they are only valid for the specific circumstances of this test (mainly
ny X ngy = 30 x 60), so the same results might not appear in other cases.

K.3 Bayes optimization

When using an autoencoder to reduce the dimensionality of a topology optimization problem in the
previous sections, differential evolution was used to optimize over latent space. As this process requires
hundreds of thousands of cost function evaluation, using differential evolution might be too expensive
if the cost function is hard to calculate. In such a case, one than can use Bayesian optimization (see
Appendix A.4) to drastically reduce the number of required function evaluation.

To test the viability of such an approach, two decoders will be used, trained upon X3qg, with pretraining
and the use of a discriminator network Dp;s, but no surrogate model .S, and the use of a signed distance
field for n, x n, =€ {30 x 60,60 x 120}, with m = 25 (see Appendix L for details of producing this
decoder). These decoders are used to map a latent space variable to a design in the design space during
optimization of the cost function ¢, from equation (96).

During testing, two variations will be looked upon:

1. The expense of the cost function ¢,(z) will be varied by choosing different 1 € {1,10,100}. For
each p, differential evolution D FE100,500,0.6,0.0 Will be used to optimize over latent space to provide
a comparison to the results achieved by Bayesian optimization.

54



2. The frequency of full model updates during optimization will be changed, with full updates happen-
ing every T € {5,50} iterations.

When using Bayesian optimization, the parameters My = 200 and igo = 100 are used, with T being
varied (see above). When using a full update (i = 0 mod T'), DE100,50,0.6,0.9 is used, while otherwise
Adam with o = 0.005, 51 = 0.9, and Sz = 0.999 is used for 10 steps.

To emphasize exploration of the latent space in the beginning, and exploitation in the end, the following
values for &; in the acquisition function EI; are selected (see Appendix A.4):

5 <50
;= 90
¢ {O 1> 50 (90)

Additionally, the acquisition function E1; was maximized by minimizing —FEI; using DFE100,500,0.6,0.9-
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Figure 29: The time needed for different optimization algorithms. The dotted lines represent a linear
regression.

The two aspects that have to be considered in regard to the usefulness of Bayesian optimization are the
time needed to find an optimum and how good the found design is. It can be seen in Figure 29 that
the time needed for the test cases optimized is significantly larger for Bayesian optimization than the
standard approach (in this case differential evolution) for cheap cost functions. But for cost function with
an evaluation time > 4s, Bayesian optimization will be quicker, if the problems dimensionality is still
m = 25.

For different m, this point will likely vary, as for larger m, a higher M{ needs to be chosen and fitting
the surrogate model will become more expensive. But on the other hand, increasing m also will likely
necessitate more function evaluation, so predicting the exact point where BO becomes cheaper is difficult
(see Appendix J for an example with m = 100).

It has also to be added that parallelization is used for the differential evolution during the test, running
all v = 100 function evaluations of one generation simultaneously. Therefore, if no parallelization would
be feasible, due to a lack of computational power, the time needed for differential evolution would increase
nearly by two orders of magnitude. A disadvantage of Bayesian optimization is that the method is not able
to parallelize the evaluation of the cost functions as each evaluation depends iteratively on the previous
one.
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Figure 30: The minimum compliance found for different optimization algorithms (without post-
processing), for n, x n, = 30 x 60.
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Figure 31: The minimum compliance found for different optimization algorithms (without post-
processing), for n, x n, = 60 x 120.

But in regard to the quality of the optimized designs found, it can be seen in Figures 30 and 31 that the
use of Bayesian optimization seems to lead to a worse minimum compliance C, especially for a smaller
mesh, with 7" having seemingly no influence.

An explanation for this can be seen in the Figures 32 and 33, where the likelihood of sampling good
designs is low, especially in the case of 4 = 1. Bayesian Optimization, when geared towards exploitation,
mainly searches the neighborhood of the best-found design points, and therefore relies on finding points
close to the good compliance values. But as randomly sampling such points using just My = 200 samples
is unlikely (see Table 9), finding a good result using Bayesian optimization is rare. On the other hand,
differential evolution uses 500000 samples and a particularly good underlying heuristic, allowing it to find
better designs more reliably.

Increasing M, as well as the number of iterations might improve the overall result, but this will come at
the cost of an increased computation time, possibly removing the advantage of faster computation over
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differential evolution for all but the most expensive cost functions.

Therefore, the use of Bayesian optimization for optimizing over latent space would likely only make sense
if the cost function were so expensive that the savings in computation time outweigh the less optimal
designs found. In these cases, Bayesian optimization would enable latent space optimization, which would
not be feasible using differential evolution or similar methods.

Nonetheless, it must be mentioned that Bayesian optimization is only possible during the third step of
the proposed method, namely the optimization over latent space. But as the generation of training data
also is time-consuming, Bayesian optimization during the latent space optimization would only bypass the
problem of expensive cost functions if the local optimization operation LO would be significantly cheaper
than the cost function evaluation ¢, or if training samples would already exist. This will be looked at in
the next part.

Table 9: Values of the expected minimum compliance value E., of My = 200 random samples for different
designs, based on 500 runs.

ny X Ny ECl ECIO ECloo
30 x 60 108.4 | 100.3 | 100.3
60 x 120 | 107.7 | 97.9 97.2

1 \ I
— Cioo
— Cho
0.8 - —C m
0.6 |- N
S
Y
0.4 N
0.2 |- \\
O | | T - L | |

96 98 100 102 104 106 108 110 112 114
Compliance C,,

Figure 32: Probability density function of the compliance value C), based on the k-nearest-neighbor
method with 1000 neighbors from a set of 100000 samples [85]. The compliance values are based on the
first network from section K.3, with n, x n, = 30 x 60.

K.4 Training one Network for varying boundary conditions

As the generation of the training data X, and the training of the decoder D on X, take up a
significant part of the time used for this algorithm, it would be advantageous if different problems could
be solved with the same decoder. To test this, different problems will be considered by varying the location
pr = (yr,zr) of the force F' in Figure 18, while using the same Dirichlet boundary conditions (same
bearings).

In a first step, three sets of training data Xsg¢ are generated according to the method seen in Appendix
L.1. Two are created with pr1 = (0,0) and pr = (15,30) respectively, while for the third set, pg is
randomly chosen for every sample.

Thereafter, four decoders D for each set of training data (two possibilities for m € {25,50} and two
possibilities for using a signed distance field SDF or not) are trained, where pretraining for encoder and
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Figure 33: Probability density function of the compliance value C), based on the k-nearest-neighbor
method with 1000 neighbors from a set of 100000 samples [85]. The compliance values are based on the
second network from section K.3, with n, x n, = 60 x 120.

decoder is used, as well as a discriminator network Dp;s, but not a surrogate model S (see Appendix L.2).
After that, the decoders trained on the third training set with varying pr are used to optimize the bridge
problem from Figure 18 for pr 1 and pgo respectively. In each case (like in Appendix K.1) this is done
with 4 = 1 as well as p = 10 and a subsequent post-processing, but also by the random initialization of
500 samples in latent space with a following post-processing.

Similarly, the decoders trained on the first two training sets are then used to optimize the problem (with
the respective pr;) to allow a comparison between the different approaches.

Equivalently to sections K.1 and K.2, every decoder is trained twice for every case, to limit the influence
of randomness onto the results.

Results

In the Figures 34 and 35, it can be seen that in nearly every case of using a neural network which

has been trained for the force being applied in the specific position pg, one will get a result, which after
post-processing is better than the result C}, one gets when using only SIMP with an homogeneous input.
But on the other hand, using a network trained for all possible pr will in all but one case (pr = (15, 30),
m = 25, with SDF) not be able to surpass the homogeneous solution C},.
Consequently, the possibility of a network trained on a broad set of problems being able to solve every
possible problem seems unlikely. If computation time is an important factor, and training samples cannot
be procured from somewhere else, this hampers the viability of the proposed method at least for compliance
minimization, as the expensive generation of training data and training of the autoencoder would be
required for every single optimization.

K.5 On the usefullnes of the cost function

Besides the other problems with the proposed method outlined earlier, like the expensive generation
of training data, there is another problem worth discussing. Namely, the difficulty of constructing a cost
function which allows for fair comparisons between different designs.

Firstly, it has to be mentioned that every design « considered is not manufacturable, due to amount of
corners introduced by the mesh and the difficulty of transferring grey density values x; € (0,1) into a
real designs. Consequently,  has to be considered as only a representation of the true design ®, which
accurately might be represented as a level set function. Therefore, the compliance values C(x) used in
this work are likely also only approximations of the true compliance value Cg. As there are multiple
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Encircled data points correspond to results found by post-processing random latent space samples. The
black line corresponds to the compliance value found after 1000 steps of SIMP with a homogeneous input
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different approximations @ for ® (for example by using grey values or not), multiple different C'(x) can be
connected to each ®. This can be seen for example in the Figures 36, 38, and 39, where different design
x can be used to approximate the same topology ®.

The main problem now is that the relation between the compliance values C(x1) and C(z3) of two
topologies ®; and ®5 can change depending on the approximation method used. Therefore, inferring
the relation of Cg, and Cg, from C(x;) and C(x2) becomes impossible. This makes most comparisons
between the approximated compliance values meaningless.

And while such comparisons are not necessarily required for the first step of the proposed method, the
generation of training data (here, using approximations should be fine), the optimization over latent space
and the post-processing would be significantly hindered, as they rely on comparisons between different
designs.

A possible solution here would be a transformation 7' (® = T(x)) to get the true topology, whose
compliance Cg could then be calculated, for example using the enriched FEM method [86].

For the local optimization of the topology ®, which are required for the last two steps of the proposed
method, non gradient-based methods like the Nelder-Mead algorithm [57] can be used if no gradient is
available.

(a) Design after 1000 steps of SIMP (b) Best design after post-processing
C ~ 98.63 C =~ 94.03

(c) Design after 1000 steps of SIMP, filtered (d) Best design after post-processing, filtered
C ~92.01 C =~ 92.54

Figure 36: Different designs for n, x ng, = 30 x 60.

K.6 Discussion

Overall, the proposed method for overcoming the convexity in topology optimization problems by
reducing the dimensionality using autoencoders and using Bayesian optimization to shorten the optimiza-
tion over latent space shows promise in that it is able to produce results with a significantly lower cost
function value. Especially the use of signed distance functions during network training and optimization
over latent space often allows for the creation of stiffer designs when trying to minimize compliance. But
beside some promising results, the whole process is still beset by several problems.

e The generation of the training data takes a lot of time, and scales linearly with the cost function
expense (compared for example to the neural network, the training time of which is not dependent
on the cost function). This problem might be avoided by training a neural network which predicts
the optimized design from the initial material distribution in a single step for different boundary
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conditions. However, it is not clear if training such a network is feasible, or how this method for
generating training samples could affect the overall process.

¢ No single tested setup can reliably lead to results which are better than the best design of the
training set.

¢ When using Bayesian optimization, the compliance values get even worse, making the production
of a superior design even less likely.

e The whole process is based on the assumption that the compliance of different topologies can be
compared fairly, something that in the current implementation of the method is likely not the case.
Avoiding this problem would likely result in a large computational expense.

Consequently, the proposed method has the potential to overcome the barriers preventing a global opti-
mization for larger topology optimization problems, but significant improvements are required to overcome
the current problems.

In regard to this work, it has to be noted that the tested problem of compliance minimization is fairly
well behaved, with the standard approach of SIMP with homogeneous inputs leading to fairly usefull
results. Therefore, the method might be more helpfull in problems which suffer far more from the issue
of non-convexity and exploring such problems might be worth further research.

L. Implementation of the problem in Appendix K.1

In this part, a detailed description of the process used to optimize the topology designs will be given.

L.1 Generating the training set

Compliance C of X

108 T T I I E
—max C(x) — 90 ]
105 1| — median C(z) — 90 | |
| — min C(x) — 90 1
o 101 E
g i ]
< | i
£ 10° | 5
2 H =
= ]
O -
(@) 102 E
10t ]
10° L | | | | | |

0 50 100 150 200 250 300

Local optimization iteration A

Figure 37: The compliance of 20.000 randomly initiated samples after X iterations, with n, = 45 and
ng = 90.

The first step in the process here is the creation of the training data, with N = 25000 samples being
created for each test case of ny, ng,, and A, with this being overall nine cases. A = 0 will be looked at
first, as it is the case with random variables, which would give a benchmark for comparison. Therefore,

it would be advantageous that the created samples fulfill the volume constraint = < po = 0.4. To achieve
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this, in a first step & is sampled randomly, with each element Z; being sampled according to the following
probability density function p(;):
~ 1 0<z; <1
p@0={ ' (91)

0 else
But as this would likely lead to Z ~ 0.5, further steps have to be taken. In this case, one would transform
each element using z; = ¢(Z;) = T¢ with a > 0. This specific transformation is chosen, as it preserves the

boundaries of 0 < z;,x; < 1. a now has to be chosen so that T . Po:

oo

Blo(@) = [ 9@EIp(E)dE,
—0o0
) 1 (92)
!
T~ | 707 = L
T /xl Ti = = Po
0
From this, it now follows that
1 3
a=——1==- (93)
Po 2

After generating the training set X in such a way, one than uses the basic SIMP algorithm [56] for local
optimization, although it was improved upon by using a more refined method in assembling the stiffness
matrix [66], leading to significantly faster computation times. During each step, filtering was used, with
a filter radius rmi, = 1.25 (see Appendix A.2).

This method was then used to create the training sets X for the autoencoder. A = 30 was chosen, as
it would give an intermediate case, where the training set already include very good design (close to the
optimum after A = 300), while still including designs which can be improved greatly. This means that
there is a greater variance in the training set. Lastly, A\ = 300 is selected, as all design at this stage seem
to arrive close to their respective local minimum, giving a training set with designs as good as possible
(see Figure 37).

In each case for n, x n, and A, a randomly selected fifth of the training data (5000 samples) will be
removed from the training set and will later be used for validation.

L.2 Training of the autoencoder

After generating a training set in the first step, a autoencoder (see Appendix A.6) has to be trained
on it.
In this part, z in this work will always be a one-dimensional vector, with the latent space Z = [0, 1]™
and m = v(!8) | Furthermore, in every autoencoder used for compliance minimization, the input layer and
output layer will be three dimensional tensors, but with x£(©) = k(&) = 1. Consequently,  and Z will be
treated as being two-dimensional, with x, & € X = [0,1]"»*"=, with nyn, = n, and X being the design
domain.
In the following, the parameters used for this step shall be presented. First to mention here are the
weights w; from the reconstruction loss function (see equation (45)), which when using a signed distance
field, are:

1 [SDF(:I:i)]k’l S 1
05 1< |[SDF(z))],| <2
025 2 <|[SDF(x;)],,| <5

[wil, = (94)
o1 5 <|[SDF(x),,| < 10
0.025 10 < [SDF(:ci)]kﬁl <20
0.01 20< [SDF(a:i)]kJ
Meanwhile, if the density field itself was encoded instead, the following weight matrix was used:
Wil =2 (1= [[oil, = 0.5]) (95)
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Meanwhile, when a discriminator network Dp;s is used, it tries to enforce a uniform distribution over the
bounded latent space, with Ppis = %.

In the case of the surrogate network being used, one then will set Sg = %.

And finally, in the case of pretraining, encoder and decoder are split in two, and just like in the Appendix
1.2, with each layer being trained for 50 epochs, with the first 45 epochs having 10 batches each, while
the last 5 epochs use only one batch each. The exact encoder and decoder networks used can bee seen in
Figures 41, 42, and 43, the specific networks used for discriminator Dp;s and surrogate model S in Figure
44.

L.3 Optimization over latent space

After a Decoder D : R™ — R"™ has been build, for each of them, optimization over the latent space
Z =10,1]™ will be performed.
While Appendix K.1 suggest the use of the cost function ¢,(z) from equation (3), in this case, a more
broader function is used, due to the fact that the local optimization algorithm LO (SIMP) can worsen
the compliance of a design (c(LO**!(z) > ¢(LO!(x)) is possible). Therefore, the following cost function
will be optimized instead:

¢u(z) = min {c (LO* (D(2))) : LO (D(2)) < po} (96)
ie{l,...,u}

It has to be noted that, especially in the case of u = 1, the set from which the minimum will be chosen

might be empty, as there could be no element which fulfills the mass constraint. In this case, pu will be

increased until the first viable design has been produced. It has to be noted that during the test, this was

always achieved after a maximum of two steps, so y = 2 was enough to find feasible designs in every test

done. For each decoder, two optimizations where performed, once with p = 1, as well as with u = 10.

In this work, the authors use differential evolution DFs,, 500,0.6,0.9 to generate Psgg, the final result of

the optimization process.

Additionally, to get an estimation on the effectiveness of step 3, the global optimization using differential

evolution, one will also use a random local approach. In this, 20m random points are chosen, sampled

according to a uniform distribution over Z. These points are then directly post-processed, again for 500

steps. The best design found doing this can then be compared to the @, found for u € {1, 10}.

L.4 Post-processing

After optimization over latent space, post-processing will be done. While it would be the simplest
approach to just take the best latent space design (with the cost function from equation (96))

z* = argmin {c,(2)}, (97)
2€ P50

one instead will use post-processing for all designs included in Psgg. The main reason here is that it is
possible that Psgg will include multiple optima with nearly equivalent cost function value. As it is possible
that post-production will make a inferior design in latent space superior in the design space after a number
of local optimizations, this would increase the likelihood of finding the global optimum. Additionally, it is
possible to parallelize the post-processing of multiple designs with minimal overhead, which reduces the
additional computation time needed for post-processing every member of Psg (it is possible to parallelize
the post-processing of a single design, but in an environment with distributed memory, this would include
a far larger overhead).
The final design «; ;y € X of a latetnt space design z; = p;,500 € Psoo can then be found in the following
way, with 500 steps of post-processing being used in this work:

x; ;= LO™™n (D(2;)) = argmin {c (LO7 (D(2;))) : LOJ (D(z;)) < po} (98)
' je{1,...,500}
The final result ©,in found by the whole process will then be the x;  which has the minimal cost function
value:

Tmin = argmin {c(x; f)} (99)
m,inyXf
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DN M

a) Design after 1000 steps of SIMP ) Best d651gn after post-processing
~ 95.42 ~ 94.33
c¢) Design after 1000 steps of SIMP, filtered ) Best design after post-processing, filtered
C ~90.50 C ~91.87

Figure 38: Different designs for n, x n, = 45 x 90.

a) Design after 1000 steps of SIMP (b) Best deslgn after post-processing
~ 94.54 ~ 93.67
c¢) Design after 1000 steps of SIMP, filtered ) Best design after post-processing, filtered
C =~ 90.77 C ~91.11

Figure 39: Different designs for n, x n, = 60 x 120.
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Figure 42: The encoder I/ and decoder D networks used for n, x n, = 45 x 90. Red arrows indicate the
activation function og, blue ones or, green ones op, and black ones oy, (see equation (42)).
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Figure 43: The encoder E and decoder D networks used for n, x n, = 60 x 120. Red arrows indicate the
activation function og, blue ones o, green ones og, and black ones oy, (see equation (42)).
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Figure 44: The discrimiator Dp;s and surrogate model S networks. Red arrows indicate the activation
function og, blue ones o, green ones og, and black ones oy, (see equation (42)).
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Figure 45: The encoder E and decoder D networks used for t) = 2. Red arrows indicate the activation
function og, blue ones or, green ones o, and black ones o, (see equation (42)).
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Figure 46: The encoder E and decoder D networks used for t) = 3. Red arrows indicate the activation
function og, blue ones o, green ones og, and black ones o, (see equation (42)
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Figure 47: The encoder E and decoder D networks used for t) = 4. Red arrows indicate the activation

function og, blue ones o, green ones og, and black ones oy, (see equation (42)).
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Figure 48: The encoder E and decoder D networks used for t!) = 5. Red arrows indicate the activation

function og, blue ones o, green ones og, and black ones oy, (see equation (42)).

73



Op(3,1,1) Op(3,1,1) Op(1,7,1) Op(1,7,1)

0¢(6,6,2) 0¢(6,6,2) 0¢(6,6,3) 0¢(6,6,3)

0¢(6,6,2) 0¢(6,6,2) 0¢(6,6,3) 0¢(6,6,3)
5,12,4

e

$
ot
Ié QS
(I

$

$

$

2 24

=)
>
o
>
S
>
o
>

S
S
S
S

Oa Oa Oa Oa
Oa Oa Oa Oa
) 0 ) 0o ) 0 ) 0o
5,12,4 5,12, 4 2,6,4 2,6,4
0p(6,6,2) Op(6,6,2) 0p(6,6,3) 0p(6,6,3)
14,28, 2 14,28, 4 9,21,2 9,21,4
) 0p(6.6,2) ) 0n(6,6,2) ) 0p(6.6,3) ) 0n(6,6,3)
31,60, 1 31,60, 1 30,66, 1 30, 66, 1
) 0c(3,1,1) ) 0c(3,1,1) ) 0c(1,7.1) ) 0c(1,7,1)
30,60, 1 30, 60, 1 30,60, 1 30, 60, 1
(a) s =2, varying k@ (b) s©) =2, maximum £© () s =3, varying k@ (d) s? = 3, maximum x®

Figure 49: The encoder E and decoder D networks used for t() = 6. Red arrows indicate the activation
function og, blue ones o, green ones og, and black ones oy, (see equation (42)).
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